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AGS. 


addn. 
A.G.A,. 


A.LChE. 


ALM... 


ale, 

alk. 

Alk 
ump. 
amp.-hy. 
amt. 
anhyd. 
APL 


app. 
APPTOX, 


aq. 

Ar 
ar- 
as- 


ASA 


ASM. 


ABBREVIATIONS AND SYMBOLS 


Angstrom unit(s) A.S.M.E. 
anion; as, HA 
absolute ASTM. 


alternating current 
wicyelic; as, ac-deriva- atm. 
tives of tetrahydro- 


naphthalene at. 10. 
American Chemical So- at. wt. 

cicty ay, 
addition b. (as, by) 
American Gas <Associ- B 

ation bbl. 
American Institute of  Bé. 

Chemical Engineers b.p. 


American Institute of  B.t.u, 
Mining and Metal- bu. 


lurgical Engineers C. 
alcohol, alcoholic C- 
alkalme (net alkali) 
alkyl 
ampere(s) cal. 
ampere-lour(s) caled. 
amount (noun) cfm, 
anhydrous 
American Petroleum In- cg. 

stitute US. 
apparatus chem. 
approximate (adj.), ap- CL. 

proximately ks, 
aqueous cl, 
aryl em. 


aromatic; as, ar-deriva- coeff, 
tives of tetrahydro- com. 


naphthalene compd. 
asymmettic; 28, @s-m- compl. 
xylidine coned. 
American Standards As-  conen. 
sociation cond, 
American Society for const. 
Metals © cor. 


ix 


American Society of 
Mechanica] Engineers 

American Society for 
Testing Materials 

atmosphere(s), atmos- 
pheric 

atomic number 

atomic weight 

average 

boiling (at 11 mm.) 

base; as, B2HCI1 

barrel(s) 

Baumé 

boiling point 

British thermal unit(s) 

bushel(s) 

centigrade 

denoting attachment to 
carbon; as, C-alkyl 
derivatives of aniline 

calorie(s) 

calculated 

cubie foot (feet) per 
minute 

centigram (s) 

centimeter-gram-second 

chemical 

Jolour Index no. 

centistokes 

ear lots 

centimeter(s) 

coefficient 

commercial 

compound (noun) 

composition 

concentrated 

concentration 

conductivity 

constant 

corrected 


x ABBREVIATIONS AND SYMBOLS 


Gp. 

cps. 

crit. 
cryst. 
erystd. 
crysth. 
cu. 

d (as, di’) 


d- 
D- 


dic. 
dec., decomp. 
decompn. 
deriv. 
detd. 
detn. 
diam. 
dielee. 
dil. 
dist. 
distn, 
DL-, dl- 
dm. 

é 

ed. 
elec. 
elev. 
e.m.f, 
eng. 

eq. 
equil. 
equiv. 
eBD. 
estd. 
estn. 
e3.U, 
eu. 


chemically pure 

centipoise 

critical 

crystalline 

crystallized 

crystallization 

cubic 

density (conveniently, 
specific gravity) 

differential operator 


‘dexiro-, dextrorotatory 


denoting configurational 
relationship, as to dex- 
tro-gly ceraldehyde 

direct current 

decompose(s) 

decomposition 

derivative 

determined 

determination 

diameter 

dielectric (adj.) 

dilute 

distilled 

distillation 

racemic 

decimeter 

electron 

edition, editor 

electric, electrical 

elevated 

electromotive force 


engineering 


equation 
equilibrium 
equivalent 
especially 
estimated 
estimation 
electrostatic unit(s) 
entropy unit(s) 
electron volt(s) 
experiment 
experimental 
extract 
extracted 
extraction 
Fahrenheit 
Federal 


|: 

K. 

K 

Kev 
kg. 
kg.-cal. 
kv, 
kv.-amp, 
kw. 
kw.-hr. 
L 

l- 

L- 


following (pages) 

fluid ounce(s) 

free on board 

freezing point 

foot (feet) 

foot-pound(s) 

gram (s) 

gallon(s) 

grams per denier 

gallons per minute 

horsepower 

hour(s) 

hydrated, hydrous 

insoluble 

inactive; as, 7-methio- 
nine 

initial boiling point 

Interstate Commerce 
Commission 

inner diameter 

inch(es) 

insoluble 

Institute of Petroleum 
Technologists 

International Unit(s) 

International Union of 
Chemistry, Interna- 
tional Union of Pure 
and Applied Chem- 
istry 

joule 

Kelvin 

dissociation constant 

kilo electron voit 

kilogram(s) 

kilogram-caloriefs) 

kilovolt(s) 

kilovolt-ampeve(s) 

kilowatt(s) 

kilowatt-hour(s) 

liter(s) 

levo-, levorotatory 

denoting configurational 
relationship, as to 
levo-glyceraldehyde 

pound(s) 

concentration lethal to 
50% of animals tested 


Le. 
LDiy 


In 
log 
m. 
m- 
M 
Mt 


ma. 
manuf, 
manufd. 
manuig. 
Max. 
M.C.A, 


mcf, 


m,e., meq, 


mech, 
M.e.v. 
mg. 
m.g.d. 
min, 
misc. 
mixt. 
ml. 
M.L.D. 
mm, 
mM 
mol. 
m.p. 
m.p.h. 
M.R. 
mv. 

my 

w (as, 25) 


n- 


ABBREVIATIONS AND SYMBOLS xt 


less than car lots 

dose lethal to 50% of 
animals tested 

logarithm (natural) 

logarithm (common) 

meter(s) 

meta; as, m-xylene 

metal 

molar (as applied to 
concn.; not molal, 
which is written out) 

milliampere(s) 

manufacture 

manufactured 

manufacturing 

maximum 

Manufacturing Chem- 
ists’ Association 

million eubie feet 

milliequivalent(s) 

mechanical 

million electron volts 

milligram(s) 

million gallons per day 

minimum; minute(s) 

miscellaneous 

mixture 

milliliter(s) 

minimum lethal dose 

millimeter(s) 

millimole(s) 

molecule, molecular 

melting point 

miles per hour 

molar refraction 

millivolt(s) 

millimicron(s) 

index of refraction (for 
20°C., and sodium 
light) 

normal; as, n-butyl 

normal (as applied to 
conten.) 

denoting attachment to 
nitrogen; a8, V-meth- 
ylaniline 

negative (adj.) 

number 


N.O.I.B.N. 


o- 
0- 


0.D. 
Oz. 


p., pp. 
p- 
pos. 
powd. 
p.p.m, 
ppt. 
pptd. 
pptn. 
prepd. 
prepn. 
Pr. no. 


p.s.i.(g.),(a.) 


pts. 
quad. pb. 
qual, 
quant. 
gv, 


not otherwise indexed 
by name 

ortho; as, o-xylene 

denoting attachment to 
oxygen; as, O-acetyl- 
hydroxylamine 

outer diameter 

ounee(s) 

page, pages 

pura; as, p-xylene 

positive (adj.) 

powdered 

parts per million 

precipitate 

precipitated 

precipitation 

preparecl 

preparation 

Foreign Prototype no. 
(for dyes) 

pound(s) per square inch 
(gage), (absolute) 

point 

parts 

quadruple point 

qualitative 

quantitative 

‘Nvhich see” 

univalent hydrocarbon 
radical (or hydrogen) 

Rankine 

reference 

respectively 

relative humidity 

Ring Index no. — 

revolutions per minute 


revolutions per second 


soluble 

symmetric(al); as, s-m- 
xylidine 

denoting attachment to 
sulfur; as, S-methyl- 
cysteine 

Society of Automotive 
Engineers 

saturated 

saturation 


xii ABBREVIATIONS AND SYMBOLS 


S.C.F. standard cubie foot ba. tons per square inch 
(feet) Twad. Twaddell 
Sch. Sehultsz no. (for dyes) iv. ultraviolet 
sec, second(s) Vv. volt(s) 
Sec- secondary; as, sec-butyl var. variety 
8.F.s. Saybolt Furol second(s) — vte- vicinal; as, vte-m-xyli- 
sls. slightly soluble dine 
sol. soluble vol. volume(s) (not volatile) 
soln, solution V.8. very soluble 
soly. solubility Ww, watt(s) 
sp. specific wt. weight 
sp., Spp. species XU. (0-” X-unit 
spec. specification mm.) 
sper, specific gravity yd. yard(s) 
gq]. square yr. year(s) 
S.T.P. standard temperature aki optical rotation (for 
and pressure 20°C. and sodium 
subl. sublime(s), subliming light) 
S.U.s. Saybolt Universal ¥ microgram(s) 
second(s) re) ditferential operator 
syini- symmetric(al); as, sym- , (partial) 
m-xylidine A finite difference 
TAPP. ‘Technical Association of viscosity 
the Pulp and Paper wave length 
Industry mn microu(s) 
tech. technical Q ohm(s) 
temp. temperature < less than 
tert- tertiary; as, feri-butyl > more than 
theoret, theoretical ~ cycle(s) 
t.p.h. tons per hour wa approximately equal to 


Other letter symbols may be found in “Standard System of Nomenclature for Chemical Engineer- 
ing Unit Operations” adopted by the American Institute of Chemical Mngineers. 


SHIPPING REGULATIONS 


Complete information for the U.8, is given in ‘Tariff No. 9 Publishing Interstate 
Commerce Commission Regulations for Transportation of Explosives and Other Dan- 
gerous Articles by Land and Water in Rail Freight Service and by Motor Vehicle (High- 
way) and Water Including Specifications for Shipping Containers,” with supplements, 
issued by H. A. Campbell, Agent, 30 Vesey Street, New York 7, N.Y. (1954). The 
following terms for labeling explosives and other dangerous articles have been used in the 
Encyclopedia: 


Red label (for inflammable liquids) 

Yellow label (for inflammable solids and oxidizing materials) 
White label (for acids and corrosive liquids) 

Red label (for inflammable compressed gases) 

Green label (for noninflammable compressed gases) 
N.O.L.B.N. (not otherwise indexed by name) 


In the text of the Encyclopedia the preferred terms ‘flammable’ and “nonflam- 
mable” are used in place of “inflammable” and “noninflammable,” respectively. 


STANDARD REFERENCE WORKS 


The titles of the following reference works have usually been abbreviated when they 
are given in the bibliographies. See also Lilerature of chemical technology, Vol. 8, p. 418. 


Adams, R. (ed.), Organic Reactions, Wiley, N.Y., 8+ Vols., 1942-. 

Allen, A. H., Commercial Organie Analysis, 5th ed., MeGraw -Hill-Blakiston, New 
York, Vols. I-X, 1923-33. 

American’ Association of Textile Chemists and Colorists (AVA.T.C.C.), 1944 Technical 
Manual and Year Book, Howes Pub. Co., N-Y., 1954. 

American Society for Testing Materials, /952 Book of A.S.T.M. Standards, Philadelphia, 
7 Parts, 1952-53. 

American Standards Association (ASA), American Siandards, N.Y. 

Annual Tables of Constants and Numerical Data, C. Marie (ed), MeGraw-Hill, N.Y., 
1912-34. 

Association of Official Agricultural Chemists (A.O.A.C.), Official and Tentative Mfethods 
of Analysis of the Association of Official Agricultural Chemists, 7th ed., Collegiate 
Press, Menasha, Wis., 1950. 

Badger, W. L., and McCabe, W. L., Hlements of Chemical Hngincering, 2nd ed., McGraw- 
Hill, N.Y., 1936. 

Beilstein, F. KX., Handbuch der organischen Chemie, 4th ed., Springer, Berlin and Heidel- 
berg, 71+ Vols., 1918-. (64 Vols. photo-lithoprinted by Edwards Bros., Ann 
Arbor, Mich.) 

Brauer, G. (ed.), Handbuch der préparativen anorganischen Chemic, Euke, Stuttgart. 

Clark, B. L., and Kolthoff, I. M. (eds.), Chemical Analysis, Interscience, N.Y.-London, 
7+ Vols., 1945-. 

Cook, E. F., and Martin, E. W. (eds.), Remington’s Practice of Pharmacy, 9th ed., Mack 
Pub. Co., Easton, Penna., 1948. 

Elderfield, R. C. (ed.), Heterocyelic Compounds, Wiley, N.Y., 6 Vols., 1950-. 

Faith, W. L., Keyes, D. B., and Clark, R. L., Industrial Chemicals, Wiley, N.Y., 1950. 

Friedlander, P., Fortschritte der Teerfarbenfabrikation und verwandter Industriceweige, 
Springer, Berlin, Vols. I-XXV, 1888-1942. 

Friend, J. N. (ed.), Textbook of Inorganie Chemistry, Griffin, London, Vols. I-XI, 1914-88. 

Gmelins Handbuch der anorganischen Chemie, 8th ed., Verlag Chemie, Weinheim/Berg- 
strasse, System-Nummern 1-70, 1924-. 

Great Britain General Medical Council, British Pharmacopzia, Constable, London, 1948; 
Addendum, 1951. 

Handbook of Chemistr y and Physics, C. D. Hodgman (ed.}, 36th ed., Chem. Rubber Pub. 
Co., Cleveland, 1954. 

Heilbron, I. M., and Bunbury, H. M., Dictionary of Organic Compounds, Oxford Univ. 
Press, N.Y., Vols. I-IV, new rev. ed., 1953. 

Houben, J. (ed.), Methoden der organischen Chemie (Weyls Methoden), 3rd ed., Thieme, 
Leipzig, Vols. I-IV, 1925-41. (Photo-lithoprinted by Edwards Bros., Ann Arbor, 
Mich.) For new edition see under Miiller, Fi 

‘Rouben, J., Fortschritte der Heilstoffchemie. Erste Abteilung: Das deutsche Patentschrtfi- 
wesen, Vols. I-VI; Zweite Abteilung: Dze Ergebnisse der wissenschaftlichen Litera- 
tur, Vols. I-III; de Gruyter, Berlin, 1926-39. (Photo-lithoprinted by Edwards 
Bros., Ann Arbor, Mich.) 

Huntress, E. IL, Organic Chlorine Compounds, Wiley, N.Y., 1948. 

Inorganic Syntheses, McGraw-Hill, N.Y., 4+ Vols., 1939-. 

International Critical Tables of the ‘Numer rical Data of Physics, Chemistry, and Technology 
(LC.T.), E. W. Washburn (ed.), McGraw-Hill, N-Y., Vols. I-VIII, 1926-33. 


xii 


xiv STANDARD REFERENCE WORKS 


Landolt-Bérnstein, Physikalisch-chemische Tabellen, 5th ed., Sprmger, Berlin, 8 Vols., 
1928-36 (photo- lithoprinted by Edwards Bros. , Ann Arbor, Mich.); 6th ed., Z ahlen- 
werte wnd Funktionen aus Physik, Chemie, Astronomie, Geophysik, Techni, A. Eueken 
(ed.), Vols. I-IV, 1950-. 

Lange, N. A., and Forker, G. M. (eds.), Handbook of Chemistry, 8th ed., Handbook 
Publishers, Sandusky, Ohio, 1952. 

Lunge, G., and Berl, E., Chemisch-lechnische Untersuchungsmethoden, Sth ed., Springer, 
“Berlin, 8 Vols., 193 1-40, (Photo-lithoprinted by Edwards Bros., Ann Arbor, Mich.) 

Mark, H., Marvel, C. 8., Melville, H. W., and Whitby, G. 8. (cds.), High Polymers, 
Interscience, N.Y. -London, Q+ Vols., i940-. 

Mellor, J. W., Comprehensive Treatise on Tnorganie and Theoretical Chemistry, Longmans, 
Green, N .Y., Vols. I-XVI, 1922-87. 

Merck Index, The, 6th ed., Merck & Co., Inc., Rahway, NJ., 1952. 

Mitller, E. (ed.), Afethoden der organischen Chemie (Houben-Weyl), 4th ed., Thieme, Stutt- 
gart, approx, 12 Vols., 1952-. 

National Formulary, The, 9th ed. (N.F. X), Committee on National Formulary, Ameri- 
can Pharmaceutical Association, Washington, D.C., 1955. 

New and Nonofficial Remedies—1954. (N.N.R.) (1954); Tests and Standards for New and 
Nonoffictal Remedies (1958); Council on Pharmacy and Chemistry of the American 
Medical Association, Lippincott, Philadelphia. 

Organic Syntheses, Wiley, N.Y., Collective Vol. I (Vols. I-LX), 2nd ed., 1941; Collective 
Vol. If (Vols. X-XTX), 1943; Collective Vol. ITT (Vols. XX-XXIX X), 1955, 

Osol, A., and Farrer, G. i, Jr., e¢ al., The Dispensatory of the United States of America 
(USD, 24th ed., Lippincott, Philadelphia, 1947; Supplement, 1950. 

Palache, C., Berman, H., and Frondel, C., Dana’s System of Mineralogy, 7th ed., Wiley, 
N.Y., 3 Vols., 1944~. 

Patterson, A. M., and Capelli, L. T., The Ring Index (2.J.), Reinhold, N.Y., 1940. 

Perry, J. H. (ed.), Chemical Engineers’ Handbook, 3rd ed., McGraw-Hill, N.Y., 1950. 

Pharmacopeta of the United States of America, The (The United States Pharmacopeia), 
15th revision (U.S.P. XV), United States Pharmacopoeial Convention, Mack Pub. 
Co., Easton, Penna., 1955. 

Radt, F. (ed.), Elsevier's Hneyclopedia of Organic Chemistry, Elsevier, Touston, Texas, 
and Amstcrdam, 20 Vols., 1946-. 

Richter, V. von, Chemistry of the Carbon Compounds, 3rd ed. (trans. from 12th German 
ed.), Elsevier, Houston, Texas, and Amsterdam, Vols. I-IV, 1934-47. 

Rodd, E. H. (ed.), Chemistry of Carbon Compounds, Elsevicr, Houston, Texas, and 
Amsterdam, Vols. I-V, 1952-. 

Rowe, F. M. (ed.), Colour Index (C.I.), ist ed., Society of Dyers and Colourists, Brad- 
ford, Yorkshire, 1924; Supplement, 1928. 

Schultz, G., and Lehmann, L., Farbstofftabellen (Sch.), 7th ed., Akadem. Verlag., Leipzig, 
4 Vols., 1931-389. (Photo-lithoprinted by Edwards Bros., Ann Arbor, Mich.) 

Scott, W. W., Standard Methods of Chemical Analysis, Furman, N. H. (ed.), Sth ed., 
Van Nostrand, N.Y., Vols. I-IT, 1939. 

Seidell, A., Solubiities, Vol. f: Solubslities of Inorganic and Metal Organie Compounds: 
Vol. I: Solubthities of Organte Compounds; Vol. UII: Supplement to Volumes J 
and IT; 3rd ed., Van Nostrand, N-Y., 1940-52. 

Sidgwick, N. V., The Chemical Elements and Their Compounds, Oxford Univ. Press, 
London, Vols. I-II, 1950 

Thorpe’s Dictionary of ‘Apnlied Chemistry, 4th ed., Longmans, Green, N.Y., 12 Vols,, 
1937-. 

Ullmann, F., Enzyklopddie der technischen Chemic, 2nd ed., Urban & Schwarzenberg, 
Vv jenna, 11 Vols., 1928-32 (photo-lithoprinted by Edwards Bros., Ann Arbor, 
Mich); 3rd ed., 14 Vols., 1951-. 

Walker, W. H., Lewis, W. K., McAdams, W. H., and Gilliland, E. R., Princtples of 
Chemical Engineering, 3rd ed, McGraw-Eill, NY., 1987. 

vee re (ed.), Technique of Organic Chemistry Y; "Interscience, N.Y.-London, 8+ 

ols., 1948- 

Weisberger, A. (cons. ed.), Phe Chemistry of Helerocy yclic Compounds, Interscience, N.Y .~ 

London, 8+ Vols., 1950-. 


PERIODICAL ABBREVIATIONS 


The abbreviations used are, for the most part, those given in the “List of Periodicals 
Abstracted by Chemical Abstracts” (Vol. 45, No. 24, Pt. 2 (1951), also published sepa- 


rately). See also Literature (survey), especially the sections on “Reviews, yearbooks, and 
monographs” and “Periodicals,” Vol. 8, pp. 437-40. 


Am. Soc. Testing Materials, Prec. 

Anal, Chem. (superseding Ind. Bny. Chem., 
Anal, Ed.) 

Angew. Chem. (superseding Die Chemie: 
4. angew. Chem. ) 

Ann. Chem., Justus Liebigs 

Arch, Biochem. and Biophys. (superseding 
Arch, Biochem.) 

Arch, Ind. Hyg. and Occupational Med. 
(superseding J. Ind. Hyg, Toxicol.) 

Biochem. J, (London) 

Biochem. Z. 

Biochim. et Biophys. Acia 

BIOS Repts. 

Bull. Chem. Soc. Japan 

Bull. soc. chim. or Bull. soc. chim, France 


LA. 

Can. J. Research 

Chem, Ber. (superseding Ber.) 

Chem fing. (superseding Chem. & Met. 
ang. 

Chem, Eng. News (superseding News Had. 
(Am. Chem. Soc.); Ind. Eng. Chem., 
News Ed.) 

Chem. Eng. Progress (superseding Trans. 
Am. Inst. Chem. Engrs.) 

Chem. Fing. Science 

Chemasche Industrie 

Chemisiry & Industry (formerly part of 
J. Soc, Chem, Ind.) 

Chem. Revs. 

Chem. Tech. (Berlin) (superseding Chem. 
Fabrth) 

Chem. Week(superseding Chem, Inds. Week) 

Chem. Zentr. 

Chem.-Zig. 


Chimica e industria (Utaly) or Chimica e 
industria (Afilan ) 

Chimie & tndusirte 

CTOS Repts. 


Compt. rend. 


FIAT Repts. 

Fortschr, chem. Forsch. 
Gazz. chim. ital. 

Helv. Chim. Acta 

Ind, Chenvist 


American Society for Testing Materials, Proceedings 
Analytieal Chemistry 


Angewandte Chemie 


Annalen der Chemie, Justus Liebigs 
Archives of Biochemistry and Biophysics 


Archives of Industrial Hygiene and Occupational 
Medicine 

Biochemical Journal, The 

Biochemische Zeitschrift 

Biochimica et Biophysica Acta 

British Intelligence Objectives Subcommittee Reports 

Bulletin of the Chemical Society of Japan 

Bulletin de la société chimique de France 

Chemical Abstracts 

Canadian Journal of Research 

Chemische Berichte 

Chemical Engineering with Chemical & Metallurgical 
Engineering 

Chemical and Enginecring News 


Chemicsl Engineering Propress with Transactions of 
American Institute of Chemical Engincers 

Chemical Engineering Seience 

Chemisehe Industrie 

Chemistry & Industry 


Chemical Reviews 
Chemische Technik, Die (Berlin) 


Chemical Weel 

Chemisches Zentralblatt . 

Chemiker-Zeitung mit dem Sonderteil, Die Chemische 
Praxis und der Beilage, Chemisch-technische Wher- 
sicht 

Chithica, La, e Vindustria (Italy) or (Milan) 


Chimie & industrie 
Combined Intelligence Objectives Subcommittee Re- 
orts 

Camptes rendus hebdomadaires des séances de 
Vacadémie des sciences 

Field Information Agency Technical Reports 

Fortschritte der chemischen Forschung 

Gazzetta chimica italiana 

Helvetica Chimica Acta 

Industrial Chemist and Chemical Manufacturer, The 


wD 


xvi PERIODICAL ABBREVIATIONS 


Ind, Eng. Chem. (superseding J. Ind. Lug. 
Chem.) 

J. Agr. Food Chem. 

J. Am. Chem. Soe. 

J. Am. Med. Assoe. 

J. Am, Pharm. Assoc. 

J. Appl. Chem, (U.S.S.2.) (sec ulso Zhur. 
Prillad. Kham.) 

J. Appl. Phys. (superseding Physics) 

J, Assoc. Offic. Agr. Chemists 


J. Biol. Chem. 

J. Chem, Phys. 

J. Chem. Soc. 

J, Colloid Set. 

J. Flectrochem. Soc. (superseding 7'rans. 
Flectrochem, See.; Trans. Am. Hlectro- 
chem, Soc.) 

J. Gen. Chem. (U.S.S.R.) (see also Zhur. 
Obshchet Khim.) 

J. Indian Chem. Soc. 

J. Inst. Metals 


J. makromol. Chem. (superseding J. prakt. 
Chem.) 

J. Org. Chen. 

J. Phys. Chem. (superseding J. Phys. & 
Colloid Chem.) 

J. Polymer Sez. (superseding J. Polymer 
Research) 

J. Research Natl. Bur. Standards (super- 
seding Bur. Slandards J. Research) 

J. Set, Food gr. 

J. Soc. Chem. Ind, or J. Boe. Chem. Ind. 
(London) (formerly containing Chemis- 
try & Industry) 

J. Soc, Chem. Ind., Japan 

Kollotd-Z. 

Af fg. Chemist 


Monatsh. Chem. 


Nature 

Nueleonics 

Office Tech. Services (OTS) Repts. (super- 
seding Office Publication Beard IRepts.) 

Otl, Paint Drug Repér. 

Phys. Rev 

Rec. trav. chim. 

Research (London) 

Revs. Mod. Phys. 

Science 

Trans. Am, Inst. Mining Met. Engra. 


Trans. Am. Soc. Metals (superseding 
Trans. Am, Soc. Steel Treating) 

Trans. Inst. Chem. Engrs. (London) 

4, anorg. 2, allpem. Chem, (superseding Z. 
anorg. Ghenv.) 

2, Hlektrachem, 

Zhur. Obshchey Khim. 

Zhur. Priklad, Khim, 


Z. physik, Chem, 


Industrial ancl Engineering Chemislry 


Journal of Agricultural and Food Chemistry 
Journal of the American Chemical Socicty, The 
Journal of Lhe American Merlical Association, The 
Journal of the American Pharmaceutical Association 
Journal of Applied Chemistry (U.S.5.R.) 


Journal of Applied Physics 

Journal of the Association of Official Agricultural 
Chemists 

Journal of Biological Chemistry, The 

Journal of Chemical Physics, The 

Journal of the Chemical Society (London) 

Journal of Colloid Science 

Jounal of the Electrochemical Society 


Journal of General Chemistry (U.8.8.1.} 


Journal of the Indian Chemical Socicty 

Journal of the [Institute of Metals and Metallurgical 
Abstracts 

Journal fiir mnakromolekulare Chemie 


Journal of Organic Chemistry, The 
Journal of Physical Chemistry, The 


Journal of Polymer Science 


Tournal of Research of the National Bureau of Stand- 
ards 

Journal of the Science of Food and Agriculture 
Journal of the Society of Chemical Industry (London) 


Journal of the Society of Chemical Industry, Japan 

Kolloid-Zeitsehritt 

Manufacturing Chemist and Pharmaceutical and Fine 
Chemical Trade Jour nal Incorporating Mannfaectur- 
ing Perfumer 

Monatshefte fir Chemie und verwandte Teile anderer 
Wissenschaften 

Nature 

Nueleonies 

Office of Technical Services Reports 


Oil, Paint and Drug Reporter 

Physical Review, The 

Recueil des travaux chimiques des Pays-Bas 

Research, A Journal of Scionce and Its Applications 

Reviews of Modern Physics 

Science 

Transactions of the American Institute of Mining and 
Metallurgical Engineers 

Transactions of the American Society for Metals 


Transactions of the Institution of Chemical Engineers 
(London) ; ; ; 
Zevtschrift fiir anorganische und allgemeine Chemie 


Zcitschrift fix Etektrochemie und angewdndte physi- 
kalische Chemie 

Zhurnal Obahe het Khimii (Journal of General Chemis- 
try (U.S.8.R.)) 

Zhurnal Prikladnol Khimii (Journal of Applied Chem- 
istry (U.SS.R 

Zeitschrift {ir physikatische Chemie 


ENCYCLOPEDIA OF CHEMICAL TECHNOLOGY 





continued 


THERMODYNAMICS 


Thermodynamics deals with enet'gy and its transformation, driving potential of a 
process, and equilibrium with reference to either physical change of state or chemical 
reaction, As the result of experience, three laws of thermadynamics have been de- 
veloped as the backbone of thermodynamics. Based upon facts and basic principles 
of chemistry and physics, these laws have found wide applications to problems in 
various fields of engineering as well as in pure science. 

tm chemical technology, thermodynamics has been successfully applied in pre- 
diction of limiting conditions of unit operations or processes and the energy quantities 
involved. Asa powerful and versatile tool in process research, development, design 
and operation, thermodynamics is indispensable in the solution of an ever-increasing 
number of process problems. During recent developments in petroleum refining, 
petroleum chemicals, synthetic rubber, plastics, synthetic fibers, and other synthetic 
organic chemicals, many new compounds and processes have been encountered. 
Only with the aid of thermodynamics has it heen possible to get the most out of 
research and engineering effort. For instance, the process design can be performed 
by meaus of thermodynamic correlations of various thermochemical and phase equi- 
librium data without an excessive amount of pilot-plant work. The optimum operat- 
ing temperature and pressure for a given chemical reaction can be predicted to save 
time-cousuming effort in laboratories. This is especially important in making the 
cost estimate of a plant or preliminary proposal for an engineering service. 

It must be emphasized that thermodynamics deals with equilibrium situations, 
It has nothing to say about the rate at which equilibrium is approached from any non- 
equilibrium situation. See Equilibrium, chemical; Reaction kinetics. 


Basic Concepts and Definitions 


System and Surroundings. The so-called system in thermodynamics designatesa 
specific part of the material universe to be set apart for the purpose of study. It may 
consist of a single body, part of a body, or a number of bodies, large or small. The 
system can be either homogeneous or heterogeneous, The choice of a system, which 
depends largely upon the individual situation, may affect the analysis of a problem hy 
thermodynamics. A wise choice of the system can provide a convenient route in 
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solving complex problems. With an improper selection of a system, some thermo- 
dynamic problems may even become unsolvable. 

Once a system is specified, the rest of the universe becomes “surroundings.” The 
term “surroundings” in thermodynamics refers more particularly to the surroundings 
immediately adjacent fo the system. Between a system and its surroundings lies a 
boundary. In locating a boundary exactly between a system and its surroundings, 
the system can be unmistakably identified. 

Several kinds of systems are frequently encountered. During the change of state, 
if there is no material flowing across the boundary between a system and its surround- 
ings, the system is defined as a closed system. An open system is one involving the ex- 
change of material across the boundary. In a multiphase system each separate phase 
is usually considered an open system wherein materials are flowing freely fromm one 
phase to the other, although the system as a whole may be a closed one. 

A closed system may be free to absorb from or reject heat to the environment. 
Tt is also possible for a closed system to perform or to reccive work. However, when 
the boundary between a system and its surroundings is made impervious to the heat 
flow, the closed system becomes thermally isolated. The closed system becomes 
mechanically isolated wf a rigid boundary is present to prevent any volume change. 
When neither heat nor work is added or remaved during a change of state, the closed 
system involved becomes a completely isolated system. 

Two kinds of open systems are frequently encountered in industries, steady-state 
and unsteady-state. If the properties of any part of the system are constant regard~ 
less of the duration of an operation or a process, the so-called open system is a steady- 
state flow system. Most large-scale plants in industries which are operated continu- 
ously with a feed of constant composition at a carefully controlled operating condition 
belong to this class. On the other hand, if the properties of any part of a system under- 
go fluctuation and variation, the open system is an unsteady-state flow system. The 
compression of gases by a compressor into a storage tank is an example of this type of 
open system. The quantitative evaluation of a problem dealing with an nnsteady- 
state flow system is more involved because the duration of the process becomes 
an additional variable. 

State and State Function. To characterize any system it is necessary to find out 
the state in which the system exists. The term “state,” in any thermodynamic 
discussion, is a kind of statistical average of the state assumed by all minute com- 
ponents of the system. This is a state in its gross sense, which is a macroscopic onc. 
For instance, 10 cu. ft. of oxygen gas has its state completely defined if the temperature 
and pressure are given, The state of the oxygen so defined is a statistical average of 
the microscopic ‘‘states” of all individual oxygen molecules. 

The variables which are used to characterize or to define completely the state of a 
system are called stale functions or sometimes, simply, “properties.” Once the state 
of a system. is given, the “properties” or state functions are fixed irrespective of any 
changes undergone by the system. Although a system can have fixed values for 
different properties at a given state, the minimum number of properties required to 
define the state of a system at equilibrium is determined by the number of components 
and phases present in the system. This minimum number of properties is identified as 
the degrees of freedom. The quantitative relation known as the phase rule is: 


F=C-—P+2 (1) 


See Phase rule, 
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Process. Any change of state taking place in a system is called a process. The 
process can be either a physical change of state or a chemical reaction. In other 
words, “‘process” as used in thermodynamies refers to unit operations as well as to unit 
processes. 

Depending upon the limitation imposed upon a system during a process, special 
kinds of processes can be distinguished. An adiabatic process is one in which no heat 
flows across the boundary between thesystem and its surroundings; an isobarie process 
takes place at constant pressure. In general, it is desirable to havea chemical reaction 
carried out as an isothermal process, for this leads to a higher equilibrium conversion in 
either an endothermic or an exothermic reaction. In most organic reactions a large 
number of undesirable side reactions accompany a main reaction, The control of 
reaction at one uniform temperature throughout the reactor can either eliminate or 
reduce the extent of the side reactions. 

On the other hand, it is always more economical to carry out some unit opera- 
tions, such as fractional distillation, evaporation, other heat exchanges, and drying 
adiabatically. In gas absorption, where a large amount of heat. is evolved, iso- 
thermal operation is desirable to obtain the maximum recovery, 

Heat Reservoir. This is an ideal piece of equipment conceived for the convenience 
of theoretical thermodynamic treatment. A heat reservotr, as normally referred to 
in thermodynamic consideration, is one of infinite capacity. Any transfer of a finite 
quantity of heat in or out of the heat reservoir has a negligible effect on its tempera- 
ture. The ocean and the atmosphere are practical examples that approach this type 
of heat reservoir. 

Reversible and Irreversible Processes. The rate of » process cun always be 
expressed as follows: 

Rate = “meine force 
resistance 

When all the forces acting upon a system are balanced, the driving force for a 
change of state is cqual to zero, and the rate of # process becomes zero. Under this 
condition a system is said to be at equilibrium, and its state remains the same. 

For a reversible process the driving force is made infinitesimally small. This 
makes the rate of a process negligibly small, so that a truly reversible process would 
require an infinite number of years before reaching its final state. Since the driving 
force in one direction is almost equal to zero, its direction can easily be reversed by an 
extremely small external force. On the other hand, an irreversible pracess is one pro- 
ceeding under a driving force of finite order of magnitude. All actual processes are 
spontaneous, proceeding at a finite rate, and are therefore irreversible. However, an 
irreversible process can be made to approach a reversible one by some device with a 
suitable choice of conditions. 

Consider a process involving the expansion of a gas against a piston in a vertical 
cylinder. To stmplify the explanation, it is assumed that the piston and piston ror 
have no weight of their own. The gas inside the cylinder has an initial pressure of 1) 
atm. and is allowed to expand to 1 atmosphere pressure. If the pressure acting on the 
outside of the piston is 1 atm., the piston will continue to move upward, with a vari- 
able speed of finite order of magnitude, until the pressure of the gas inside the cylinder 
becomes identical with the outside pressure, that is, 1 atm. This actual process of 
expansion is irreversible because it proceeds under a driving force greater than an 
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infinitesimal amount. Itstarts with a driving force equal to9 atm, As the expansion 
proceeds, the pressure inside the cylinder decreases until finally it is 1 atm., which is 
identical with the outside pressure. At this point the driving force is equal to zero 
and the expansion ends. 

The same pracess can be made reversible from the initial to the final state. At 
the start. of expansion, an infinite number of weights, each of which has an infinitesi- 
mally small mags, are placed upon the piston. The total weight of these weights is 
equivalent to a pressure identical with that of the gas insicle the cylinder. By remov- 
ing the weights one by one, the expansion of the gas inside the cylinder can be made 
to take place under an infinitesimal driving force from the beginning to the end. Al- 
though it requires an infinite time for its completion, the expansion of the gas inside 
the cylinder becomes a reversible process. 

Chemical reactions, as well as physical changes of state, can be carried out in a 
reversible way, even though the actual chemical reartions take place spontaneously 
and are irreversible. Jonic reactions can be carried out in a galvante cell to produce 
emf. between two electrodes. Hf an external source of e.m.f. of opposite direction is 
applied to such a cell, the chemical reaction can proceed reversibly if the connter 
e.m.f. is infinitesimally smaller than the em.f. of the cell, and the chemical reaction 
can easily be reversed by increasing the counter e.m.f. an infinitesimal amount. An 
infinite time is required to conclude the chemical reaction reversibly. 

All actual processes are irreversible. The reversible process, which hrings no 
frictional loss, is an idealized process never in existence. The purpose of the concept. 
of the reversible process is to establish a standard for the study of performance of 
actual processes which are irreversible. A reversible execution of a process involves 
no frictional loss and represents the maximum accomplishment or maximum efficiency 
theoretically possible. With the reversible process as a yardstick, a chemical engi- 
neer or technologist can determine whether an actual process is efficient or needs 
further improvement. 

Work. Work is the result of action by a system against an external force. Tt 
cat be expressed as the produet of an intensity factor and a capacity factor. In 
mechanical work the intensity factor is the force and the capacity factor is the distanee, 
measured along the direction of the force, through which the load is moved, 


W = fe Fad (2) 


If the mechanical work is done by or against a fluid pressure, the foree F is equal 
to the product. of external pressure P, and area of cross section A normal to the acting 
pressure, Equation (2) can be transformed into: 


W = fy PedV (3) 
where V; and V», are the initial and final volumes of the fluid. 
If the process is reversible, the external pressure P, is equal to P + dP, where P 
is the pressure of the find. In substituting this into equation (3), the work in a 
reversible process becomes: 
Wo= fF (Pav + dP av) (4) 
Since the second term is negligible compared to the first, equation (4) takes the 
form: 
W = f¥ Pav (5) 
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To evaluate the integral, a relation between the pressure and volume of the fluid 
must be known. 

Tf a process is conducted under constant pressure, the pressure term can be taken 
out of the integral and the work becomes the product of pressure and volume change. 


The Three Laws of Thermodynamics 


Three laws of thermodynamits are merely statements of human experience based 
upon a broad foundation of facts and sound reasoning. ‘The first two laws were de- 
veloped in the latter half of the last century. Since their development, the first and 
second laws of thermodynamics have found an amazingly wide application to numerous 
problems in engineering and pure science. The third law was developed in the 
present century. It limits the value of entropy defined by the second law and there- 
fore finds its application in the treatment of chemical equilibrium, 


THI FIRST LAW OF THERMODYNAMICS 

The first law of thermodynamics is the law of conservation of energy. Energy 
cannot be either created or destroyed. If an amount of energy disappears at oue 
place, an equivalent amount of euergy must appear at another place. Ifan umount of 
energy disappears in one form, an equivalent amount of energy will appear in another 
form. Heat and work are some forms of energy which are measurable outside of a 
system. On the other hand, energy can also be stored in a system instead of passing 
freely, in the form of heat or work, from one system to another. This stored energy, 
which is defined as internal energy or energy content, is a definite property, or state 
function, of a system. This means that the change in mternal energy of a system 
depends upon the initial and final states and is independent of the path of the process, 
In a cyclic process, where a system comes back to the original state after a series of 
processes, the interual energy of the system at, the final state is identical with that at 
the start. 

Closed System or Nonflow System. For any process the increase in internal 
energy of a clased system is always ecuual to the amount of heat absorbed minus the 
work done by the system. Mathematically, it ean be represented by: 


AU~Q-W (6) 


For a cyclic process there is no net change of internal energy. The amount of 
work performed by a system is just equivalent to the amount of heat absorbed by the 
system. 

Tn making numerical substitution into equation (6), @ has a positive sign it it is the 
heat absorbed by the system, but it is otherwise with W’, which has a positive value if it is 
work done by the system. 

Tn addition to the convention about the sign for the work and heat terms, the 
units of each term in equation (6) should be consistent throughout. Tf @ is expressed 
in B.t.u. per pound of a system, the other terms, AU and ¥V, should be in the same 
units. If foot-pounds are preferred as the units, AU’ and @ as well as JV should be 
expressed in foot-pounds. 

Equation (6) applies strictly only to a closed or nonflow system, For an infini- 
tesimal process, it takes the following form: 


dU = 6Q — 6W (7) 
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The differential sign d is used only for the internal energy, not for the heat and 
work. Since internal energy is a state function, the differential dU is sometimes 
referred to as an exact diffcrential, On the other hand, the heat and work effect in a 
process depends upon the path of the process as well as the initial and final states of a 
system, and for these the differential sign 6 is used. In integrating dU, the result is 
U, — U,, which represents an increase in internal energy, but the integrals of Q and 
éW cannot be written us Q: — Qi or Wi — We, because this would be true only if the 
path of a process had no effect upon the result. The integrated expressions of 6Q 
and 6W are @ and W us previously defined. 

Unsteady-Flow System (25). With reference to Figure 1, consider a large body 
and a small mass dm. The internal energy of the big body is represented by U, at the 
initial state and by Us at the final state. At the initial state the small mass is at a 
position X feet higher than its final state, at which the small mass comes to rest within 
the boundary of the big bocly. One possible example of such an unsteady-state flow 


dnt 


Initia! state Final state 
Fig. 1. Unsteady-state flow system. 


system would be the compression of a gas into a well-insulated tank by a compressor. 
At every differential compression stroke a small amount of mass dm is added to the 
larger mass in the tank. 

The small mass dm has a specific volume V (cubic feet per pound), linear velocity, 
u (feet per second), pressure P’ (pounds per square foot), and internal energy U’ (foot- 
pounds per pound), During the change of state the big body absorbs an amount of 
heat @ and performs an amount of work W upon the surroundings. Consider the big 
body and small mass as a compound system; its total amount of energy at the initial 
state must be equal to the summation of internal energy of both big body and small 
mass, potential and kinetic energy of the small mass. The total energy of the system 
at the final state is equal to the internal energy of the big body including the absorbed 
small mass, The increase of energy of the system from the initial to the final state 
must be equal to the difference between heat and work effect during the process as 
given by: 


Q-W~W) = t= {ti + am (ur4 F + xy (8) 


The second work term W’ in equation (8) is due to that done, as the result of 
volume change, by the surroundings upon the compound system. The small mass dm 
is completely brought into the boundary of the big body of the final state under its 
own constant pressure P. The work term W’ is therefore equal to the product of 
pressure P and the volume change of the compound system due to the absorption of 
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the small mass. This volume change is equal to the volume of the small mass. Equa- 
tion (9) gives such a mathematical expression for JV": 


W’ = (P)(¥ dm) (9) 
Substituting equation (9) into (8): 


@-W=%-U— («: + PV + 25 +X) dm (10) 


The frequent occurrence of the U + PV term in thermodynamic calculations 
prompted the definition of a new term, enthalpy. Enthalpy, H, is therefore mathe- 
matically given by: 


H=U'+PvV (11) 


In introducing the definition of enthalpy, equation (L0) takes the following form: 
Q-W=U,-U,- (i+ = + x) dm (12) 
“Ge 


Considering a number of small masses at different conditions flying in and out 
during the process, equation (12) can be generalized by taking the summation of the 
terms containing small masses. A general expression of the first law applicable to 
any open system then takes the form: 


my, 2 
Q-W=U,.-%4+ (H+ e +x) am (13) 
m 2g 
The sign before the summation term becomes positive if the process involves a transfer 
of a small mass out of a large body. 

Equation (13) is especially valuable for unsteady-state flow systems. In the 
example mentioned above, the compression of a gas into a well-imsulated tank by a 
compressor, the pressure of the gas inside the tank is continuously built up and the 
condition of the gas at the exit of the compressor is continuously changed. If the gasin 
the tank is considered as a large body, equation (18) is applicable to such a process in 
which a certain amount of gas is brought into the tank. The temperature and amount 
of gas present at the end of expansion can thus be calculated. 

Steady-State Flow System. During steady-state flow operation a fluid is uniform 
and constant in composition, state, and velocity at the entrance and at the exit. 
With the mass rates of flow into and out of the open system constant and equal, the 
state of the fluid in any part within the system is identical at all times. This means 
that the mternal energy of the open system is the same irrespective of duration of the 
process; that is, U. = U4. 

Equation (13) can now be reduced to: 


q-w=2¥ (+5 +x) an (14) 


Consider as a basis a unit mass of fluid flowing through the open system. Equa-~ 
tion (14) will be transformed into the following expression by placing a positive sign 
before the terms for one pound of fluid at the exit (subscript 2), and a negative sign 
before the terms for the fluid at the inlet (subscript 1): 


8 THERMODYNAMICS 





Ww ul 
-4y)-(mt44x 5 
go :) ( Tog %) (15) 
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Q-We= (1 + 


Equation (15) is the first-law expression for a steady-state flow system (in the 
absence of magnetic or surface tension effect, ete.). Its differential form is: 


| d 
6Q — 8 = da + 4 ax (16) 


Ge 

The energy balance of a steady-flow system can also be made with reference to a 
specific kind of energy, such as mechanical energy. This mechanical-energy balance 
is the basis of Bernoulli’s theorem, which has becn extensively used in fluid dynamics. 
See Fluid mechanics. 

In deriving the equation of mechanieal~energy balance from equation (15), those 
terms which are not mechanical energy can be dropped. These nonmechanical energy 
terms are heat absorption Q and internal energies at the inlet and exit, VU, and Uy. 
The frictional loss F’ is part of the mechanical-energy output. In the case of a com- 
pressible fluid the sclf-expansion of the fluid brings into the system an additional put 
in mechanical energy. The resulting equation of a complete mechanical-energy bal- 
ance for a steady-state flow system thus takes the form: 


aye 2 Ve 
WW = (rev +2 4 x.) - (pir + Oy Xi) - f PdV (17) 
Ge 24 Yi 





Since 
PiVg ~ PWV, = ff d(PV) = Si Pav + Sh VaP (18) 
equation (17) becomes: 
a Py 
“PW = SS Oa xt fv aP (19) 
€ ra 


The equation of mechanical-energy balance takes the following form for a differ- 
ential process: 


u du 





—iF’ — 8W = +¢X + VdP (20) 


c 

For the purpose of calculation, all terms in equations (8) to (20) must be ex- 
pressed in the same units. 

Important Cases of Flow Equation (70). The first-law expression for a steady- 
state flow system is widely used in solving various problems in the design and operation 
of such equipment as fractionating towers, evaporators, condensers, crystallizers, 
heat exchangers, and dryers. It has also been used as a major toolin analyzing vari- 
ous power-plant cycles. In predicting the performance of an expansion or compres- 
sion, the first law is the basis of the modern refrigeration cycle (see Refrigeration). 

In the general case of fluid flow through a process plant the amount of heat 
absorption by the system is negligible if the piping and equipment are well insulated 
so that q may be considered equal to zero. The flow equation then is reduced to the 
following special form: 

ue _ ue 
—W = (fy — Ai) + (X2— X1) + a (21) 
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In the case of an adiabatic steam engine or turbine, the heat term drops out. 
The differences in potential and kinetie head are both negligible. The flow equation 
is simplified to: 


—W= Hy - iy (22) 


According to equation (22), the work delivered is equal to the decrease in enthalpy 
of the steam flowing through a steam turbine or engine. 

For fluid flow through a nozzle, as in a spray dryer, for example, there is no work 
effect. The heat term and difference in potential head ure negligible, and the result- 
ing flow equation becomes: 





- = A — H. 93) 
Qu, 1 Q (33) 
In this ease the high velocity at the tip of nozzle can be calculated by the enthalpy 
change of steam across the nozzle. For a fluid flowing through an insulated valve, 
regulator, or any insLrument involving a significant pressure drop, all terms in the 
flow equation except enthalpy become negligible. This kind of expansion is known as 
Joule-Thomson expansion, the characteristic of which is given by the simplified flow 

equation, H, — Ay = 0, or: 
H, = Wy (24) 


The enthalpy per pound of fluid before and that after the expansion are identical. 
This relation of constant enthalpy holds when the velocity of flow is not exceedingly 
high, an assumption which is justified in most flow problems in process industries. 

When the flow equation is applied to a fractionating tower, evaporator, condenser, 
or other heat exchanger, the same simplified equation always results. There is no 
external work effect, potential and kinetic energy effects are negligible, and the flow 
equation hecomes: 


Q=ih—- ih; (25) 


The @ term in equation (25) is heat gained by the system; thus it is equal to heat 
loss of the equipment fo the surroundings, with a minussign. In low-temperature dis- 
tillation the Q term in equation (25) is the heat leakage into the fractionating column. 
If the equipment is well insulated, the heat loss, —Q, is negligible. In this case the 
enthalpy of input streams is equal to that of exit streams. This is known as enthalpy 
balance and is widely used in design calculations. 

Enthalpy, like internal energy, is an extensive property, and it must be expressed 
per pound (or per other weight unit). Again like internal energy, it has no absolute 
value and enters into all problems only as a difference. It is convenient to choose a 
reference state at which the enthalpy is assigned zero value. The enthalpy value at 
any other temperature and pressure is then calculated with the heat capacity and 
P-V-T data, 

The choice of standard state is entirely arbitrary, depending upon the nature of 
the problem, Normally, the pure compound in the saturated liquid phase at its | 
freezing point is selected as reference state and assigned the zero value for its enthalpy 
(see also Thermochemistry). With the data on specific heats of pure compounds and 
their heats of mixing available, the enthalpy valnes of mixtures as well as of pure 
compounds can be calculated if the pressure is not too high. 
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The most logical standard state is the element at O°K. This selection of standard 
states puts the enthalpy values of elements, and of compounds, which are formed of 
elements, on the same basis. The enthalpy values thus derived can be directly used 
in the algebraic manipulation to calculate the heat of reactions as well as the enthalpy 
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Fig. 2. Example of steady-state flow processes (ref. 16, 26, No. 8, 87 (1947)). 
(a) Work done on fluid and heat added to fluid. (6) Heat removed from fluid and 
work done on fluid. (c) Worl and heat added to fluid, work done by fluid, heat 
removed from fluid, and work done on fluid. 


of the mixture resulting from physical mixing of compounds. On the selection of 
reference state see also Thermochemistry. 
Figure 2 shows examples of steady-state flow processes, illustrating the first law 


of thermodynamics. 
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A careful analysis by the steady-state flaw equation frequently leads to a process 
improvement. For example, a vapor re-use process was developed by Othmer (14,36), 
after such analysis, to overcome the practical difficulties of a multiple-effect fraction- 
ation as well as to reduce heat requirement. This is illustrated in Figure 3. The 
first column (numbered 3) operates at an elevated pressure with live steam. The 
vapor from this column is used as a heating medium and condensed in the reboiler of 
the second column, which operates at atmospheric pressure. The condensate from 
the reboiler of the second column is introduced as the feed to this coluran, which 
separates the mixture into two substantially pure components without any additional 
requirement of steam. 

Nonisothermal Flow of Compressible Fluids. The flow of a compressible fluid 
at velocity wu through heated pipe or tubing is ac- 
companied by changes in both temperature and den- 
sity. Starting with the equation of mechanical- 
energy balance, equation (20), the elimination of 
work and potential-energy effect in this case yields: 





d ad PRODUCT 
~Vap =e 4 ap (26) 


c 
The frictional loss dF’ through a pipe of length dL 
and inside diameter D,; is given by Fanning’s equa- 
tion: FEEO 


dk! = — dL (27) 


where f is the Fanning friction factor. The linear 
velocity u is related to the mass rate w, specific volume 
Y, and cross-sectional area normal to the flow, A, by 
the following equation: 
u = wV/A (28) 
16 at 
For a. steady-state flow in a pipe of uniform cross — STEAB 
section, w/d isaconstant. Differentiating equation 
(28): Fig. 3. Othmer’s vapor re-use 
, process (37). 
du = wdV/A (29) 


Substituting equations (27), (28), and (29) into (26) and dividing each term of the 
resulting equation by Vw?/gA?, one obtains: 


—g,A? 7 OF db 
94" ap = ay + VAL 


w? D, 





(30) 
Consider one mole of the gas as a basis. The relation hetween pressure, tem- 
perature, and volume of the real gas is represented by the following equation of state: 
PV = ZRT (31) 

where Z is the compressibility factor. Differentiating equation (81): 


d 
dV = aC dT + TdZ) ~— 7 (82) 
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Substituting equation (82) into (30) and dividing each term by Z#/P: 
—yA?PdP r LdZ  TaP | 2rdh 
ZRw ‘ Zz _P D, 





(33) 


Another relationship in formulating the nonisothermal flow of a compressible 
fluid is given by the heat balance across the differential length of the pipe: 


where ¢ is the heat flux; the rate of heat transfer per unit area of heat transfer surface 
(which is the pipe wall in the present case). Upon integrating equation (34) from the 
entrance end of the pipe to any point in the pipe, one obtains the expression for the 
temperature 7 at that point in the pipe: 


T=T fe 5 

‘F wo(Cy)m (35) 
where 7’, is the tempcrature of the fluid at the entrance end of the pipe, (C,)._ is the 
mean heat, capacity of the fluid between temperatures 7, and 7. In substituting 
equations (34) and (85) into (83), the final working equation for the nonisothermal 
flow of a compressible fluid is obtained: 


_ 2 ny D, D FT 
oA 4 1 + ope) iP = EB pls | 2nfal ja - 


ZRw* Pwl(Cn) m ~ | we, Di WiC») m 


nm , @DL |, , , 
[2 + | dln Z (36) 

If the compressibility changes little throughout the pipe, the second term on the 
right side of equation (36) can be dropped out. In solving this equation the data for 
the compressibility factor, as well as the friction factor chart, must be available. 
However, equation (36) is too complex to yield an integrated expression by a straight- 
forward solution. It must be solved stepwise, by trial-and-error procedure, calcu- 
lating the pressure drops for each short and successive length from the entrance to the 
end of the pipe. Tor each successive length (positive or negative) of the pipe, assume 
a pressure drop and evaluate both sides of equation (36). If the assumed pressure 
drop for that length of the pipe is right, the term on the right side of the equation is 
equal to that on the left. Otherwise try another value for pressure drop until equa- 
tion (36) is satisfied. ' 

Heats of Reaction. It often happens that data on the heat of a reaction are not 
available for the temperature at which the reaction is actually carried out in the plant. 
For example, in the older literature heats of reaction were usually given at 18°C. 
For the calculation of the heat of reaction at one temperature from the data for another 
temperature, see Thermochemistry. . 

Heat Effect in a Batchwise Process. Batch practice is not uncommon in process 
industries, especially when a large number of products are produced, each in relatively 
small quantity. Such is often the case in the manufacture of dyes, dye intermediates, 
and fine chemicals. 

The heat: effect in a batichwise chemical process can be evaluated by the applica- 
tion of the first law to the reacting system inside a converter. Thus the heat effect is: 


“Q=AU+W (6) 
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if the only work involved is mechanical work, W = ff? P dV. In substituting the 
enthalpy term into equation (6): 


Q = AH ~ (P1— P)V (37) 


In this equation AH is the enthalpy change due to the chemical reaction and can be 
evaluated by the method discussed previously. V, the volume oceupied by the 
reaction system, is maintained constant during the process. 

If the reaction is a homogeneous one in a gas phase only, the equation of state 
involving compressibility factor can be used. Equation (87) can be further trans- 
formed (at constant 7") into: 


Q = AIT — RIT(NpZp — NrZp) (38) 


where Np and N> are the total number of moles of reactants and products. Np also 
includes the excess reactants, and Np and Np» include inert components. Zp and Zp 
are the compressibility factors for products and reactauts. 


THE SECOND LAW OF THERMODYNAMICS 

The second law of thermodynamics has been variously expressed (14,19,23). In 
1851 Clausius stated the second law this way: “It is impossible for a self-acting 
machine, unaided by any external agency, to convey heat from one body to another 
at a higher temperature.’ Kelvin gave the second law thus: ‘It is impossible by 
means of an inanimate material agency to derive mechanical effect from any portion of 
matter by cooling it below the temperature of surrounding objects.” As an improve- 
ment over Kelvin’s statement, Planck said: “It is impossible to construct a machine 
which will operate in a cycle and produce no effects but the raising of a weight and the 
cooling of a heat reservoir.” Such a possibility is sometimes referred to as perpetual 
motion of the second kind as contrasted with the possibility of violating the first law of 
thermodynamics. 

With reference to any particular system in.any process, the second law can be 
expressed im terms of many special statements. For example, with reference to a 
mixture of two gases, it would be contrary to the second law if a gaseous mixture were 
to separate into the pure compounds by itself without any external effort. In other 
words, it is a spoutaneous process when two gases are brought together to form a mix- 
ture, but the separation or uwwmixing of a mixture is not a spontaneous process taking 
place all by itself. 

Consider a chemical reaction taking place at a given temperature. The reactants 
at a certain state are transformed into products at a certain state. By the first law 
the amount of heat effect accompanying the reaction can be calculated, However, 
there are a large number of questions which can never be answered by the first law. 
Can the reaction actually proceed from the reactants to products at a given condition? 
Where is the point of equilibrium at which the composition of the reacting system 
will remain the same? There area large number of variables affecting the equilibrium 
point. How do these factors, such as temperature, pressure, and feed composition, 
affect the equilibrium in a quantitative way? In an endothermic reaction, how can 
the reaction proceed spontaneously? These are questions of prime importance 
which can be answered only by the application of the second law. 

In the transfer of heat the difference in temperature is the driving force which 
permits the heat to flow only from a high to a low temperature level. The transfer of 
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heat from a low temperature to a high temperature level cannot take place by itself 
because it is against the direction of the driving potential. NHowever, with external 
work available outside the system, it is possible to reverse the direction of heat transfer. 
A practical illustration of this is refrigeration. The work delivered by a compressor 
enables a refrigerating fluid to absorb heat continuously from a relatively cooler spot 
and to reject heat to a higher temperature level. 

When oxygen and nitrogen are brought together, the mixing of tiwo gases proceeds 
spontaneously under a driving potential which is the difference in the partial pressures 
of oxygen and nitrogen. Although the automatic separation of a gaseous mixture is 
against the direction of the driving force, the production of oxygen from air is achieved! 
on a large scale by low-temperature fractionation. ‘This reversal of a mixing is made 
possible only by supplying energy and work from an external source during fractional 
distillation. 

As a more general statement, the second law can probably be expressed in the 
following words: A process that actually takes place must proceed spontaneously in 
the direction of its driving potential, and it cannot be reversed without the aid of an 
external agency. 

Mathematical Definition of Entropy. Entropy is a term defined mathematically 
for the purpose of quantitative treatment of the second law of thermodynamics. 
For an infinitesimal change of state, 1f an amount of heat 6Q is absorbed by a system 
reversibly, the change of entropy of the system is given by: 


aS = 6Q/T (39) 


where S designates the entropy of the system, and T is the temperature of the system 
on an absolute scale. From the definition, the amount of heat absorbed by a system 
is a partial measure of the magnitude of its entropy increase. However, the same 
quantity of heat absorbed may not represent the same increase in entropy. Tntropy 
increase at high temperature level ig smaller than that at lower temperature with the 
same amount of heat absorption. In evaluating the amount of heat absorbed for the 
calculation of entropy increase, the process involved has to be reversible. In an 
irreversible process the entropy increase of a system is always greater than that 
corresponding to its heat absorption. 

Carnot Cycle and Its Generalization. As a standard in evaluating the efficiency 
or performance of actual power cycles, the Carnot cycle is a hypothetical cyclic process 
producing maximum conversion of heat into ‘work. It consists of an engine or work- 
doing mechanism operating between two heat reservoirs at two temperature levels. 
‘The working fluid in the engine is a “perfect’’ gas. Each cycle consists of four steps 
and each step is a reversible process. The first step is a reversible isothermal expan- 
sion of the gas inside the cylinder of the engine. During this process, an amount of 
heat Q: is transferred from the heat reservoir to the gas, which is kept at constant 
temperature 7 during the expansion. The second step involves an adiabatic and 
reversible expansion which brings the temperature of the gas to JT, the lower tem- 
perature level. The third step is a reversible and isothermal compression during 
which an amount of heat ~ Qo is rejected from the gas into a second heat reservoir at a 
temperature T,, During this isothermal compression the gas in the cylinder is 
brought to such a pressure that after the last step of adiabatic compression the gas 
will be back at its original condition of temperature and pressure. 

In the Camot cycle, whenever the heat is transferred, it is transferred under an 
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infinitesimal difference of temperature. The expansion or compression is alga con- 
ducted reversibly, with an infinitesimal difference of pressure as a driving force. By 
the first law, the net work produced during each cyele is: 
Wret = Qi + Qe (40) 
The efficiency of the cycle is defined as the ratio of the net work to the heat 
absorbed by the gas at 7). The efficiency of the Carnot cycle is therefore: 
Ww Qs 
Ef. = — = Qi + Q 
Qi an 


During the isothermal expansion or compression, heat absorbed by the perfect 
gas is exactly equal to the work produced. Therefore: 


(41) 


Fo vy 
= > 7 1 = 4) 
M1 f PdV = RT In v, (42) 


and 
V4 : V5 
Q, = - PdV = RT, ln Vy, (48) 
where V1, V2, V3, Va refer to the molal volume of the perfect. gas at the beginning of 
steps 1, 2, 3, and 4 respectively. As steps 2 and 4 are adiabatic and reversible, the 
perfect gas law leads to the expressiou: 


Vo Vs 
VV ) 
Substituting equation (44) into (42); 
¥. 
Q. = —RT2In Y, (45) 


On substituting equations (42) and (45) into (41) the expression for the efficiency 
of a Carnot cycle becomes: 
Q+@ Ti Ts 


Eff. 
OQ 7 





or 


an Qs 2 
rt 7,” ° (46) 
It may be noted that the two terms in equation (46) are equivalent to the entropy 
change of steps | and 3 in the Carnot cycle. The entropy of the system in the second 
and fourth steps, which are adiabatic and reversible operations, undergoes no change. 
The net entropy change for the system operating in a Carnot cycle is equal to zero. 
The conclusion regarding the entropy change in a Carnot cycle can be extended to 
any reversible cyele of changes for any working substance (14). Such a cycle can be 
represented on a pressure-volume diagram as in Figure 4. Consider the cycle to be 
broken into four Carnot cycles represented by the areas [, IJ, 11, and IV. The sum- 
mation of these four Carnot cycles is not exactly equal to the reversible cycle. The 


16 THERMODYNAMICS 


difference is represented by the crosshatched areas. For cach of the Carnot cycles 
the following equations, similar to equation (46), hold: 


Qh ae _ e ee _ | 
n+ =e T.* 1,7 ° (47) 


Adding these equations: 
= 0, (48) 


The reversible cycles can be broken into a larger number of Carnot cycles by talk- 
ing the adiabatic curves of each Carnot cycle closer together. In this way the summa- 
tion of the Carnot cycles will be more closely equal to the original reversible cycle. 
By making eavh isothermal step a differential onc, the adiabatic steps can be so close 
to each other that an infinite number of Carnot cycles will result. In this limiting 
case the difference between the original reversible cycle 
and the Carnot cycles, as represented by the crosshatehed 
areas in Figure 4, becomes negligible. The summation of 
terms in equation (48) at this limit is represented by an 


integral: 
5G rev, ° - 
Limit ee os $ Me = g as (49) 


Fig. 4. Entropy change of a This equation defines a very important aspect of cutropy. 

reversible cycle. For any reversible cyclic process the entropy change of a 

given system is equal to zero. This means that dS is 

an exact differential. Entropy S, which has a definite value characteristic of a given 

state, is therefore a state function. Like enthalpy and internal energy, entropy is also 
an extensive property which is directly proportional to the mass of a system. 

Entropy Change in Irreversible Processes. The change in the entropy of a 
system depends upon its initial and final states, irrespective of the path of the process. 
Between a given initial state and final state, the entropy change along an irreversible 
process is identical with that im a reversible process. 

All actual processes are irreversible. To find the entropy change in an irreversible 
process, the steps involved are: 

First identify the initial and final states of the irreversible process. Devise a 
reversible path between the initial state and the final state of the irreversible process, 
Along the devised reversible path, evaluate the entropy change by the equation which 
defines the entropy: 


PRESSURE 





VOLUME 


2 2 
AS = f as= [°% (50) 
1 1 1 

The value of entropy change thus obtained is equal to that for the irreversible process. 

For a reversible process the entropy change of 4 system is always exactly equal 
to that of the surroundings with opposite sign. Taking the system and its surround- 
ings as a whole, there is no heat and work effect across the boundary of this compound 
system, This compound system is called an isolated system. For any isolated. sys- 
tem the entropy undergoes no change if a reversible process is involved. Take the 
Carnot cycle as an illustration. In the first step, which is an isothermal and reversible 
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expausion, an amount of heat Q, is transferred reversibly from the heat reservoir ata 
ternperature differentially higher than 7), that is, 7, + d7', to the gas at 7, inside the 
cylinder. The heat capacity of the cylinder is assumed to be negligible. The en- 
tropy change of the perfect gas inside the cylinder is equal to Q:i/T:. The entropy 
change in the surroundings, which is the heat reservoir, is equal to —Qi/(T1 + dT). 
Since d7' is a quantity infinitesimally small, the entropy changes in the system and 
its surroundings are equal in magnitude but different in sign. The gas and the heat 
reservoir constitute an isolated system in which the total change of entropy for a 
reversible process is equal to zero. While no entropy change is involved in the system 
during the second and fourth steps, the total entropy change in the third step, an isv- 
thermal and reversible compression, is again equal to zero when the gas and heat 
reservoir is taken into consideration. . 

Physical Significance of Entropy (14,23). Entropy is an extensive property of a 
system. An increase in entropy signifies a decrease in the availability or capacity of a 
system for producing work. Like other state functions, entropy has its magnitude 
completely determined by the state of the system, regardless of its external position or 
motion relative to the surroundings. Thus the entropy of a flywheel in rotation is not 
different from that of the same flywheel at rest, as long as the temperature and pressure 
are identical in both eases. 

Entropy change in a process measures the amount of energy which has become 
unavailable for producing work. By solving equations (41) and (46), the work 
obtained in a Carnot cycle is given by: 


W=Q°-7* (51) 


This equation demonstrates that the conversion of heat into work is never complete. 
In order to have a complete conversion of heat mto work, the temperature of the heat 
siuk must be equal to absolute zero. While it may be possible to bring a body of 
finite size close to absolute zero, it is entirely impossible to have at that tempcrature a 
heat sink or reservoir of infinite size, so that any transfer of a finite amount of heat wil] 
not increase the temperature of the heat sink. The temperature of the heat sink has 
to be maintained at the lower level. The work recuired to maintain a constant 
temperature for a heat sink of finite size can be as much as that obtained by the use of 
the lower temperature. The heat sink of finite size, therefore, has no use here in con- 
verting heat into work, The amount of heat which must be rejected to a heat sink is 
regarded us unavailable for producing work. Frum equation (46) the amount of 
unavailable energy QJ. in a Carnot cycle is given by: 


_ Ts 


we x T's AS (52) 
Th 


—™ Yee 
where AS, is the inerease in entropy of the fluid during the step of heat absorption. 
To generalize this situation, the heat can be absorbed by a working fluid while its 
temperature undergoes a continuous rise from 7, to T,. The unavailable energy in this 
case will be similarly represented by: 


Tt BC _ 
~Qs = 1’, { oe = Ty AS; (53) 
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It can be seen that both equations (52) and (58) represent the same thing. When- 
ever heat is transferred by a fluid operating in a cyclic process for the purpose of pro- 
ducing work, part of the heat energy becomes unavailable for producing work, but this 
part is at a minimum in a reversible cycle. This minimum amount of unavailable 
energy is always equal to the product of the temperature of a heat sink of infinite 
capacity and the entropy change of the working fluid during its heat absorption. A 
practical heat sink of infinite size is the surrounding atmosphere. The sink tempera- 
ture is of course the lowest natural temperature of the surroundings. In any actual 
process, which is always an irreversible one, the amount of heat encrgy made un- 
avallable for producing work is greater than 7', AS; for a reversible process. 

In all actual processes a system is changed from a state of low probability to one 
of higher probability. The tendency of a system to pass from an orderly state into a 
random arrangement is a natural onc. Entropy is a quantitative index of the proba- 
bility or degree of randomness in the arrangement of a given system. A highly 
ordered arrangement is one of lower entropy, but, the higher the degree of randomness 
of a system, the larger is its entropy. When a system reaches a state of no randum- 
ness, its entropy becomes zero. By applying the theory of probability to molecular 
systems, the entropy of any such system can be related to the occurrence probability 
and the entropy values may be calculated on an absolute scale. 


THE THIRD LAW OF THERMODYNAMICS (14,19) 


The third law of thermodynamics was deduced from Nernst’s heat theorem in 
conjunction with the application of quantum theory to heat capacity data of solids. 
The third law limits the entropy value of matter and puts the latter into an absolute 
scale. According to Nernst’s heat theorem, the change in heat capacity, AC,, durmg: 
a chemical reaction decreases with derreasing temperature and approaches zero at the 
absolute zero of temperature. In other words, at absolute zero of temperature the 
heat capacity of reactants is identical with that of produets. The heat theorem also 
states that the entropy change of a reaction involving solids approaches zero at the 
absolute zero temperature. All solids at the absolute zero temperature have 
identical values for entropy. 

At constant pressure the difference in entropy of a substance between O°K. and 
T°K. without phase change is obtained by substituting C’, dT for 6Q in equation (39) 
and integrating the resulting equation. Thus: 


T C a 
Se _ Bo = f — aT (54) 
o fT 


Tu interpreting the heat capaetty data of solids, the application of quantum 
theory has indicated that C,/7 should be either zero or a finite value as the tempera- 
ture approaches the absolute zero. The entropy difference, Sp — So, in equation (54) 
is always positive. This means that at absolute zero of temperature a substance has 
the lowest possible entropy value. . 

Tf all substances have the same entropy at the absolute zero of temperature, and 
the entropy of a substance is at a minimum at the same temperature, it may be 
reasonable to assume that the entropy values are zero at O°K. The entropy at any 
temperature 7’, according to equation (54) should he given by: 


? ’ 
Sp = f oo (55) 
0 a ; 
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Planck first stated the third law in 1912. Te suggested that the entrepy &p- 
proaches zero at O°3S. for pure solid and liquids. This generalization may not be true 
for liquids. A correct statement of the third law has been given as follows: Tvery 
substance has a finite positive entropy, but at the absolute zero of temperature the 
entropy may become zero, and does so in the case of a perfect crystalline substance. 

To evaluate the absolute value of entropy Sy at any temperature, it is necessary 
to know the heat capacity data from that temperature down to zero. The improved 
low-temperature technigue in recent years has made calorimetric measurement possi- 
ble down to such low temperatures that it takes only a slight extrapolation to reach 
absolute zero. At very fow temperatures the heat capacity for a monatomic solid is 
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Fig. 5. Entropy determination by graphical integration. 


proportional to the third power of the absolute temperature. This relation, known as 
Debye’s equation of specific heat, is frequently used to guide such extrapolation. 
The integral in equation (55) is usually evaluated graphically. It: involves the plot of 
C,/T versus T, as indicated in Figure 5. 

The curve between points (1) and (2) represents the plot of C,/T for the liquid 
phase of a compound versus the temperature between 7; and the melting point Ts Cor 
T's). The curve between points (8) and (+) isa similar plot in the region of solid phase. 
Below point (4) the experimental heat capacity data are not available. Debye’s 
equation of specific heat is used to extrapolate the curve from 7’, down to absolute zero. 
The break of the curve between points (2) and (8) is due to the oecurrenee of the 
melting point where the entropy of the system inereases with no change in ils tempera- 
dure. The area under the whole eurve from point (2) down to absolite zero plus Che 
entropy change sccompanying fusion gives the value of the entropy of the compound 
in the liquid phase at temperature Ty. 

Entropy values evaluated on the basis of the third law may be used in conjunction 
with other thermochemical data to calculate the free-energy change of formation for 
various compounds. On comparing the value for the free energy of formation thus 
obtained with that obtained from other experimental data, such as chemical equi- 
librium data, the close agreement provides evidence in favor of the third law of thermo- 
dyiamies. 


Interrelations of Thermodynamic Functions 


Free Energy and Work Function. Jn addition to internal energy and enthalpy, 
two more cnergy functions are used frequently in’ thermochemical caleulalions. 
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Under certain conditions of restraint they represent the energies capable of performing 
useful work. They are the Gibbs free energy, and the total work function ([lelmholtz 
free energy). 

Free cneryy, G, is defined in terms of enthalpy, temperature, and entropy, by the 
equation: 


G=H-TS (50) 


Free energy is often represented by the symbol Ff. See “Nomenclature,” p. 3-4. 
Tn an isothermal process the change of the free cnergy of a system is: 


AG = AH — f? TdS (57) 
The change of enthalpy, AZ, is related to the change of internal energy by: 
AH = AU —fP PaV — f? VaP (58) 
Substituting the first-law expression into equation (58): 
AH=Q-W-JS?PdV —f?VdP (59) 


The work term TV in equation (59) can be broken down into two terms: mechan- 
ical work and available work other than mechanical work. ‘The latter work can be 
designated 1”, The mechanical work is equal to J? P dV, which can be cancelled 
out with the same term in equation (59). 

By further limiting « process to a reversible one at coustaut pressure, @ becomes 

7 T dS, and the f? V dP term drops out. Equation (59) finally takes the form: 


AH =f? TdS — Wy (60) 
Substituting equation (60) inte (57): 
(AG) pp = —W, (61) 


Equation (61) indicates that the useful work obtained in a reversible and isothermal 
process under constaut pressure is identical with the decrease in free energy of a sys- 
tem. Sinee the usefid work obtaimed in an irveversible process is less than that in a 
reversible process, the free-energy decrease of a system represents the maximum 
amount of useful work which could be obtained in a constant-temperature and -pres- 
sure process. 

Most ionic reactions can be carried out in an cleetrochemical cell to produce 
electrical energy. For example, the reaction between a copper sulfate solution and 
zine can be conducted in an electrochemical cell containing a solution of copper sulfate 
with zine as anode and a copper rod as cathode. The cell reaction is usually carried 
out at constant temperature and pressure. Through an external circuit, eleetric cur- 
rent will be produced as the chemical reaction proceeds. The useful work in this case 
is electrical work, equal to the product of the electromotive force and the quantity of 
electricity flowing through the external circuit. If a counterelectromotive force is 
applied in the exterual circuit infinitesimally smaller than that produced by the cell, 
the chemical reaction will take place in the cell reversibly. In this case the electrical 
work produced is at its maximum and is equal to the decrease of free energy of the 
reacting system. 

Another useful thermodynamie energy funetion is work function or total work 
Junction, A. Ttis defined in terms of internal cnergy, Gemperntire, aud entropy: 
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A=U-—TS (62) 
For an isothermal process the change in work function Is: 
AA = AU — f2 Td (63) 
Tn applying the first law, equation (73) becomes 
AL =Q-W—-fPTds (64) 
If a process is reversible, Q is identical with f? 7 dS and equation (7-4) is reduced to: 
-AA =W (G5) 


The decrease of work function is therefore a measure of the maximum work produced 
by a system in an isothermal process, If the volume is maintained constant, the 
mechanical work is zcro and the decrease of work function becomes the sole representa~ 
tion of the available or useful work which can he produced by a system. 

Differential Energy Functions. For a closed system of constant composition, 
the differential thermodynamic energy can be expressed in terms of temperature, 
volume, pressure, and entropy. It starts with the first law of thermodynamics and 
uses the definitions of enthalpy, eutropy, free energy, aud work funetion. IF the 
process is reversible, 6Q in equation (7) is equal to 7 dS according to the definition 
of entropy. dH’ is given by P dV if the work produced is only mechanical. Thus the 
first-law expression for a closed system (equation 7), becomes: 


dU = TaS —- Pav (66) 


This is an expression for differential internal energy. When equation (66) is sub- 
stituted into the definition of enthalpy in a differential form, the differential enthalpy 
expression is given by the equation: 


dH = dU + PdV + Vdp = TdS + VadP (67) 


Substituting equations (66) and (67) into (56) and (62), which define free energy and 
wotk function: 


dqG=dH —- TdaS — SdT = VdP — SadT (G8) 
dA = dU — TdS — 8SdT = —PdV — SdT (69) 


Equations (66) through (69) are basic differential equations for the four energy fune- 
tions: internal energy, enthalpy, free energy, and work function. All the terms in 
the equations are state functions, and the equations are generally applicable to a mass 
of matter of constant composition undergoing any physical change of state and are 
not restricted to a reversible process. 

Maxwell Relations. The state functions of a system are single-valued functions, 
and their differentials are so-called exact differentials. The value of the integral 
of such a differential is dependent only upon the location of the terminal states irre- 
spective of the path. It is a property of an exact differential mvolving several mde- 
pendent variables that the order of differentiation has no effect upon the value of a 
final derivative. For example: 


. (2%) _2 (20) (70) 
oF \aS/y 8 \aV/s 
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0 () = 3 (Cr) (7 | ) 
OP \AS/p OS \OP/ 
20) 30) oy 
OV \oT OT \OV/ + 
oO (>) _ 2 (o) (73) 
OT \OP/, OP \OT/p 


Substituting equations (70) through (73) into the four expressions of differential 


energy funetions: 
(2") = - (28) wa) 
av/s  — \A8/y 
e7),- @ 
aP/s \W/p 
(35) _ (+) (76) 
OV)» OT / + 


OV 
- (5), 7 


These four equations are known as Maxwell relations. They are extremely useful in 
converting one group of variables, which are either not available or not measurable, 
into a group of variables readily available. For example, it is likely that the entropy 
data at different specific volumes cannot be determined directly and easily in an iso- 
thermal process. On the other hand, it is rather easy to obtain ordinary P-V-7' data, 
and these are available in the literature for a considerable number of compounds and 
mixtures. Through equation (76) the rate of change of entropy with respect to volume 
in an isothermal process is identical with the rate of change of pressure with respect 
to temperature in a coustant-volume process and can be thus calculated from the latter. 

This interlocking connection of Maxwell relations has made it possible to develop 
a large variety of useful design data from a2 minimum amount of experimental data. 
‘They have proved a set of uscful tools not only in process design and development bul. 
in research work as well. 

The rigorous expression for the heat of transition is based upon equation (76), 
one of Maxwell’s relations. For the vaporization of a liquid, the vapor pressure is 
independent of volume. The limitation of constant volume for the derivative on the 
right side of equation (76) can be dropped. When the vaporization is conducted at 
constant temperature, the entropy change must be equal to the ratio of heat of vapor- 
ization to the vaporization temperature. Thus: 


nN 
(8) 8 
OVs/e TV, -— Vd 
where V,, V, are the vapor and liquid volume. Their difference represents the 
volume change of the system during the vaporization. Substituting equation (78) 
into (76) with the removal of the subscript. of volume gives Clapeyron’s equation: 
dP r 
av TV,—- Vo) 


oo 
Ole 
“yi ta 
~Ne 
ai 

i 





(79) 
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Variation of Thermodynamic Properties with Process Conditions. Although a 
large number of thermodynamie properties are used in thermodynamic caleulations, 
there are only three basic ones: speeifie volume, enthalpy, and entropy. Once these 
are known at. different temperatures ancl pressures in different phases, all the other 
thermodynamic properties can be calculated. Mor example, it is possible to caleulate 
free energy once the enthalpy and entropy data are given at a given temperature. 
Internal energy can be calculated from the values of enthalpy, pressure, and volume, 
and work function can be calculated from internal energy, entropy, and temperature. 
The Joule-Thomson coefficient can be obtained from data on enthalpy, temperature, 
and pressure. 

Temperature and pressure are usually the operating variables in process plants. 
The effect of temperature and pressure upon the specific volumes of a system is deter- 
mined experimentally, and the resulting data are known as the P-V-7 data of the 
system. The P-V-7 data for both vapor and liquid can be correlated through the 
compressibility and expansion factor (see Cealeulations: Data; Denstiy; Gases and 
vapors) if the experimental values are not available. 

In thermochemical caleulations it becomes important to know the effect of pres- 
sure and temperature upon the entropy and enthalpy of the system. With the 
P-Y-T data the enthalpy and entropy data at various pressures and temperatures 
can be used to establish all the other kinds of thermochemical data required in process 
design or development. 

Enthalpy. Consider a system with two degrees of freedom. Its enthalpy must 
be a unique function of two variables, such as temperature and pressure. Thus: 


H = f(P, T) (80) 


The system with two degrees of freedom represeuts a mumber of practical cases. A 
pure compound in a single-phase region, such as liquid or vapor phase, belongs to this 
category. If the eomposition of a mixture is fixed, the single-phase region also is uw 
system with two degrees of freedom. 

As temperature and pressure undergo change in a process, the enthalpy change of 
the system will he given by the expression: 


2 Tr Dy 
oH, f (2) = 
= Al, = a2) yt ee) P SI 
f dH = AM, fi ( ae) ar J (sp) a (SI) 


where 7’, and P, are the initial temperature and pressure, and J‘; and P. the final 
temperature and pressure of the system. In the conversion of a system from ts 
initial state at 71, Pi to the final state, %, Ps, there are two alternative paths. Hach 
path consists of two steps: isothermal and isobaric processes. Following path I of 
Figure 6, the system is first changed from the initial condition of 7, and P, to Ti, Ps, 
the temperature being kept constant during this first step of the process. In the 
second step the pressure is kept constant at P. while the temperature is changed from 
7’, to the final temperature 7», 

The increase of enthalpy in the first step, which is an isothermal process, is equal 
to 
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The enthalpy increase in the isoharie process, whieh follows the first step, is repre- 


sented by 
Ts 
"(2% an 
Jt \OT Py 


The summation of the enthalpy changes in these two steps gives the total change in 
enthatpy of the system along path I. Thus, with reference to paths I and IT, equation 


Py a 
oh (3) 
iT 
J® (), Path I P, ‘ 
P, [ : 
TPL DP, 


Final 
slate 


x 


es) on Tl ah 
G#), [, _aP 
qT, 


Fig. 6. Graphical representation for enthalpy change in a process. 


(81) should he expressed more specifically with regard to the subseripts as follows: 


E H 

Path T an=f_ (3) r+ f- eam ay (81a) 
Py 1, oT 
Ts 92 

Path TI AH = -{ (oF), dT + f Gan dP (81b) 
Ty oT Py oP 


Effect of Temperature upon Enthalpy. In substituting the definition of enthalpy 
mto the first-law expression for a closed system, equation (7), the following equation is 
obtained if the work involved is limited to mechanical work: 


dH = 380 + V dP (82) 


On differentiating equation (82) with respect to temperature by maintaining the pres- 
sure constant, the following relation betweon the partial derivative (OH/O7)»p and 
heat capacity at constant pressure is obtained: 


OH\ 2 _ 
sr), ~ ( > Cy (83) 


Therefore, for a constant-pressure process, the change in enthalpy duc to a change in 
temperature is given by: 


AH, = f7 C, aT (84) 


C, m equation (84) is the heat capacity at the pressure which is maintained constant 
in the process. The heat capacity data in the literature are usually those for the gases 
in the ideal gas state, as represented by C4. 

‘The heat eapacity of a gas at any pressure and that of a liqnid can be caleulated 
from C* with the relations to be developed in a later section (see p. 29). It is suffi- 
cient to state here that C, of a gas at any pressure can be evaluated from that of an 
idéal gas if P-V-T data of the gas are available. 
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C;, for a monatomic gas is a constant equal to 5#/2 B.t.u: per lb.-mole per degree 
Rankine. Tor the ideal gas of di- and other polyatomic molecules, C’%, is usually a 
function of temperature. The exact form of the function is determined by the nature 
of the gas. For instance, the heat capacity data for carbon monoxide and steam are 
fittecl well by a power function of temperature as follows: 


Co=atBitwve+... (88) 
The data for hydrogen are best fitted hy: 


(* = a + pl + (86) 
Por earbon dioxide and oxygen, the best representation is: 


, Y ord 
(= a + pt+ v7 (87) 
In all three equations, a, 8, and y are numerical constants characteristic of the gas. 
The heat capacity of an ideal solution is evaluated from the heat capacity and 
molar concentration of its components by a molar combination, as follows: 


(Cy) nists = 2(Cy)iXy (88) 


where Y; is the mole fraction of the zth compouent. If the solution is nonideal, heat 
effect is involved during the mixing. Another datum required to evaluate the heat 
capacity of the mixture is the heat of mixing, usually known as heat of solution. 
Normally, if the experimental heat capacity data are not available for the mixture, 
its enthalpy is evaluated directly without these data, from the heat of mixing and the 
heat capacity data of its components by the method to be described in connection 
with the construction of an ethalpy-concentration diagram (see p 32). 

Effect of Pressure upon Enthalpy. The expression giving the effect of pressure 
upon the enthalpy can be derived by differentiating equation (67). The resulting 


equation is: 
Oo as 
= Pi{— , 89 
Co), (se). +I (89) 


According to one of Maxwell’s relations, 


es) - » 
OP/ + OT) p 


equation (89) is trausformed into: 


oH av 
‘\ yp 90 
(3p ) T (5 7) Pp 9") 


For a finite change of pressure at constant temperature the change of enthalpy can be 
evaluated by integrating equation (78): 


2 Py 
an~{on=f |v 7 (3r) Jar (01) 
1 7 oT Pp 


Tt. can be seen that the effect of pressure upon enthalpy can be determined if the 
P-V-T data of the system are availible. If the P-V-7' data can be fitted into an 
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equation, the integral in equation (9L) can be solved by analytical differentiation 
followed by integration at constant temperature; otherwise graphical integration is 
used. 

In the case of a gas, the residual volume is commonly used for graphical differenti- 
ation. Residual volume, represented by a’, is the difference in volume between a 
real gas and an ideal gus. It is used to facilitate graphical differentiation and to 
eliminate mathematical uncertainty if one of the integration limits is at zero pressure. 
The residual volume is given by: 

RT 


d= Vv (92) 


Substituting equation (92) into (91): 


Ps da ' 
AH = Ei (or). - «| dP (93) 
Py oT 


The integral in the equation is solved by graphical differentiation followed by graphical 
integration. 

Entropy. By a treatment similar to that for enthalpy, the differential entropy 
change for a system with two degrees of freedom due to changes in temperature and 


pressure is given by: 
os 28 
S= | — 2 4. 
dé (sy dT + (= dl (D4) 


The effect of temperature and pressure upon the entropy of a system is expressed by 
either of the integrated forms of the fundamental differential equation: 


os ™ 18 
as = f’ fe NG ). > 05 
s as = 1 (5 7), A T+ SP dl (95) 
oe ™ (a8 " a8 
A y= f 8 ~ f ay’ ). n f, Pp e 
S d 1 ( ay + », ad (96) 


In substituting the definition of entropy or 6Q in equation (83), the following equation 
results for a reversible process: 
os Cc, 
(28) w 
oT 7 


Substitartion of equation (95) and one of the Maxwell’s relations, equation (77), into 
(95) and (96) leads to the working equation giving the effect of temperature and 
pressure upon the entropy: 


™ 1C BT av 
w= £0 I La 
vey T Py ap Py oT P nl (98) 
Ps ‘Y P: 
C *T fOV 
= 1Q),2-J100 
n At), ~ do [otal (99) 


or 


or 
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The partial derivative (OV/OT)p in equation (98) or (99) should be evaluated 
uuder different pressures between the limits of Py to P, at one constant temperature. 

Hither graphical or analytical differentiation and integration can be used to 
evaluate both integrals in equations (98) and (99). Procedures similar to the treat- 
ment of enthalpy are used. If P-¥-7' data ean be correlated in a convenient form of 
equation of state, and if heat capacity data are given as an analytical function of 
temperature, the analytical differentiation and integration are always preferable. 
Because of the difficulty mentioned previously, the second integral in equations (98) 
and (99) is graphically evaluated through the residual volume if graphical integration 
is adopted. 

Heat Capacity. The effect of pressure pon the heat capacity of a pure compound 
or a mixture of given composition ean be completely determined by the P-V¥-T data. 
The relation is developed from the differential expression for entropy change as given 
hy equation (94). For an exact differential such as dS, the order of differentiation 
has no effect upon the value of a second derivative. Thus: 


E (5) | - E (3) | (100) 
OP \OT) ple OT \OP/r_lp 


Substitution of equations (77) aud (97) into (100) yields the differential expression 
giving the effect of pressure upon the heat capacity: 


| — E (om | = (ss) (101) 
OP |r OT \OT/p Ip oT?/p 


The change of heat capacity due to the change of pressure is obtained by integrating 


equation (101): 
(Cm — (Cn = — f " (Sm) IP (102) 
PIP: ni Py = rp, \oTp? » “ 


Tt is seen that the right side of equation (102) contains only pressure, volume, and 
temperature as variables. Once the P-V-7' data are available, the heat capacity of a 
system at one pressure can be calculated from that at another pressure. For most 
solids and liquids in the region well below the critical temperature, there is little 
effect of temperature upon the yolume. According to equation (102), the heat 
capacity is affected little by pressure and is practically coustant. The effect of 
temperature upon heat capacity has been discussed on p. 25. The temperature 
range covered by liquids is relatively narrow. The specific heat of liquids has about 
the same values, varying between 0.4 and 0.5 with a few exceptions, Water, am- 
monia, and methane have higher values, and mercury and chlorinated compounds 
have lower values. A power function of temperature up to the second power is 
sufficient to correlate the variations of heat capacity of liquids with temperature. 
In most cases a linear relation exists between heat capacity and temperature. The 
heat capacity of solids usually increases with rise of temperature. The maximum 
atomic heat capacity at constam, volume is predicted to be 82, where & is the gas 
constant. The molar heat capacity of a compound is approximately equal to the 
summation of the atomic heat. capacities of all its component atoms. This rule is 
known as IXopp’s rule. For some light clements with atomic weight less than 40, the 
atomic het capacities are somewhat, smaller and vary in the range between 1.8 and 
5.4 (14). 
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Relations between Various Heat Capacities. There are various heat capacities 
depending upon the restriction on a process. Heat capacity at constant pressure Cy 
is the amount of heat absorption per wnit rise in temperature under constant pressure. 
Tor a constant-volume process, the heat capacity becomes heat capacity at constant 
volume, C’,. Heat capacity of a saturated vapor, C,,, ov of a saturated liquid (liquid 
in equilibrium with its vapor, that is, at its boiling point), Cy, is the change of the 
enthalpy of a system per unit rise in temperature if saturation is maintained during 
a process. Mathematically, these terms are expressed as follows: 


Gil i 
Cy = oy (105) 
Ca = ar | (106) 


The entropy change for a system with two degrees of freedom is given by the following 
for a change in temperature and volume: 


as as 
g= (22) are (2) a 107 
as (Sn), at + (Se) av (107) 


The first partial derivative in equation (107) is related to C, by equation (104). The 
second derivative is equal to (OP/OT)y according to oue of Maxwell’s relations, 
equation (76). Therefore, equation (107) can be transformed into: 
oF OP 
dS = -~ dT (or) lV 108 
T + OT /y (108) 
Similarly, the entropy change due to a differential change in temperature and pressure 
is given by the differential form of eqnation (98): 


Cy -*) 
= ean — (OF 109 
dS =F 2d (5 7 Woe (109) 
Subtracting equation (109) from (108) gives: 
oP ov 
—~C,= 7 | — L10 
Ce ~ © Sr), Or), (110) 


The ratio of the two heat capacities can be derived by differentiating both equations 
(108) and (109) with respect to temperature by maintaining entropy constant. ‘Thus: 


aV\ /aP 
Cp =~ 
(5 a) (SF), (111) 


oP oV 
C,= = 112 
p=? (Or), (57), (112) 


and 


THERMODYNAMICS 29 


Dividing equation (112) by (£11) gives the ratio of two heat capacities as follows: 


ra PL) (BY (2) ay 
C, OT/p \OP/y \OV/s | 


Heat Capacity of Saturated Phases (23). Consider a saturated vapor. The 
enthalpy change of the saturated phase due to the changes in temperature and pressure 
is given by equation (81). Further differentiating of the differential form of equation 
(81) with respect to temperature at saturation gives the relation between heat: capacity 
of 2 saturated vapor and its heat capacity at constant pressure: 


aH\ (dP 
— aH\ [ap 114 
- (C ny + (Ss), (Hr). | 


In substituting equation (80) into (114), O/dP)r can he repliced with a funetion 
containing only P-Y-7 variables of the vaper. Thus: 


OV dP 
C= 7 m (OV Loa 115 
av (Ca)y + fn a (Sr), (or), ” 


(dP/dT ent is the change of vapor pressure with respect to temperature increase, and 
it can be obtained directly from vapor pressure mensurements. In the absence of 
vapor pressure data, (@P/d7) 4 can be caleulated by Clapeyron’s equation, equation 
(79), provided the data of heat of vaporization and P--7 of both liquid and vapor are 
avallable. 

Similar treatment may be applied to the saturated liquid phase to give the relation 
between the heat capacity of a saturated vapor and its heat capacity at constant 


pressure. Thus: 
OV dP 
a rp (ok a \ 116 
(Co = Cui + [: 7 Or). Gi) 76) 


A thermodynamic relation exists between the heat capacity of a saturated liquid and 
that of an ideal gas for the same system. This relation is derived by equating the 
enthalpy change along two alternative paths in converting a saturated liquid at a 
temperature 7' to a saturated vapor at a temperature T + dT. One path between the 
initial and final states is to heat the liquid at saturation to T + d7' and vaporize the 
saturated liquid at 7 + dT. The other is to vaporize the liquid at 7’ and convert the 
saturated vapor formed isothermally to the ideal gas state by reducing the pressure 
to zero; the vapor in the ideal gas state is then heated to 7 + d7' and converted to the 
saturated vapor at 7 -+ dT by an isothermal compression. The final relation be- 
tween the heat capacities thus arrived at is: 
d(H* — H) 


dd ait® — tt) a (117) 


Ca = — oe ar 


dA/dT is the change of heat of vaporization with respect to temperature. (H* — #) 
represents the difference in enthalpy between a real and an ideal gas at a temperature 7’ 
und ean be readily evaluated at different temperatures once the P-V-7' data of the 
vapor are available. 

The data on heat capacity of saturated liquid and vapor, and on constant-pressure 
heat capacity of compressed liquids, are generally not available. On the other hand, 
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the heat capacity data of an ideal gas can be determined more accurately from spectro- 
scopic data by statistieal mechanies. The existence of the rigorous relations between 
various heat. capacities as represented hy equations (115), (116), and (117) provides 
an avenue to evaluate those heat capacities which are diffieult to determine. 

Characterization of Complex Mixtures. All the preceding equations, (56) 
through (117), in this section, giving the interrelation of different thermodynamic 
properties, are applicable to mixtures of a given composition as well as to a pure com- 
pound. In the case of a complex mixture such as petrolenm, it is impossible to 
identify all components present and to express the composition in an ordinary way. 
Yo account for the difference in the composition of petroleum, Watson and Nelson 
(14,31) proposed a term, “characterization factor’: 


Lg 

(Tn) 

Gor 
Clagie 





Ke= (118) 


where 7, is the molal average boiling point in degree Rankine determined from the 
A.S.T.M. distillation. The enthalpy of petroleum in both liquid and vapor phase 
have been given, in a graphical form, in terms of a function of characterization factor, 
APT eravity, temperature, and pressure 3). Pseudo-critical constants of the petro- 
leum, used in correlating the P-V-7' data for such complex mixtures, have been given 
in terms of characterization faetor and molecular weight (14,31). 


Representation of Thermodynamic Properties 


The orderly tabulation of thermodynamic properties is essential for the process 
design and performance prediction involving substances or mixtures over a wide 
range of operating conditions in both fluid anc salid phase. For engineering practice, 
it has been found more convenient to have the essential thermodynamic properties 
presented in a graphical form known as a thermodynamic network or chart. Although 
a thermodynamic chart cannot retain the same accuracy as 2 table, it aids in visualizing, 
the path of the process and saves considerable time in solving an engineering problem, 

For a pure substance, the thermodynamic chart or table should consist of ftve 
essential properties: temperature, pressure, enthalpy, entropy, and volume. The 
latter three are extensive properties and are usually given on the basis of one pound of 
the substance, In the case of mixtures, the concentration terms become additional 
variables. The number of additional variables due to the concentration is equal to 
the number of components present minus one. 

In the preparation of a thermodynamic network, which is normally given in two 
dimensions, the two most important properties are plotted along the principal coordi- 
nates as parameters; all the other properties are represented by various contour 
curves. For a pure compound, the state of which can he completely defined in terms 
of two properties, this two-dimensional representation is complete and satisfactory. 
For a mixture, a complete representation of all properties in one chart necessitates the 
use of a space model, which is not convenient. However, if a mixture of a constant 
composition is to be used, the chart can be given for each specific composition in the 
same way as for a pure compound. On the other hand, if the concentration of a 
mixture varics, as is the case in distillation, gas absorption, and so on, the concentra- 
tion should be usec as one of the principal coordinates. The enthalpy-concentration 
diagram is a thermodynamic chart in which the enthalpy of the mixture is plotted 
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against its concentration. In any single-phase region, liquid or vapor, the temperature 
and pressure are constructed as contour curves. Fora moderate change in pressure, 
the chart constructed at an average pressure can be used for different pressures. Tn 
the two-phase region of (he enthalpy concentration diagrams, tie lines are provided ty 
give the compositions of liquid and vapor at equilibrium, 

For a pure compound, or a mixture of constant composition, the following four 
types of thermodynamic charts are in frequent use: temperature-entropy, enthalpy- 
entropy (Mollier diagram), pressure-volume, temperature-enthalpy. Contour curves 
may be drawn on each of these charts for the other three properties. The selection of a 
chart depends upon the convenience in application. Once a thermodynamic ehart of 
five properties is given, the other thermodynamic properties, such as internal energy, 
free energy, and work function, can be readily calculated. 

In evaluating thermodynamie properties of a pure compound for the construction 
of a thermodynamic chart (11,14,23), the following experimental data covering the 
range of temperatures and pressure are required: vapor pressure; P-1-T data for 
both liquid and vapor; heat capacity data for the ideal gas state. If the values of 
entropy ute to be given on the absolute scale, a value of absolute entropy is also re- 
quired. Any supplementary or extra set of data, if available, can be used to check the 
consistency of the known data. For example, the data on Joule-Thomson coefficients 
can. be used to check the consistency of heat capacity measurement. The measured 
value of heat of vaporization can be used to check the consistency between vapor 
pressures and P-V-7 data of fluid phases. 

The first step involved in the calculation of thermodynamic properties of a pure 
compound is to fit the experimental data with accurate equations. £-V-T data are 
preferably correlated by an equation of state giving the form as V = f(P, 7). Vapor 
pressure and heat: capacity data are expressecl as a function of temperature. This step 
will be essential if the analytical rather than the graphical method is used to evaluate 
thermoclynamic properties. 

Since the P-V’-T data are given, the evaluation of thermodynamic properties for 
the construction of the chart amounts to the ealculation of enthalpy and entropy at 
different temperatures and pressure i ull the phases concerned. After the reference 
state has been selected for the enthalpy, the calculation always starts with the satu- 
rated liquid at the freezing point. The enthalpy and entropy of the saturated vapor 
at the freezing pomt are then caleulated with the heat of vaporization, which in turn 
is calculated from the vapor pressure and specific volume data of both liquid and vapor 
by Clapeyron’s equation. Since the vapor pressure at the freezing point is usually 
negligibly low, the vapor under this pressure is close to an ideal gas. With the heat 
capacity data of an ideal gas given, the entropy and enthalpy values at different 
temperatures at this same pressure can be readily calculated by equation (84), the 
integrated form of equation (97). Based upon the values calculated at this low 
pressure, the entropy and enthalpy values at the other high pressures can be computed 
with P-V-T data of the vapor along a number of isothermal paths by equation (91), 
the integrated form of equation (77). The limiting points along these isothermal 
curves are located by the vaper pressure data, the highest pressure for the vapor to 
exist at each temperature being its vapor pressure, The entropy and enthalpy values 
of the saturated liquid at different temperatures are calculated from those of saturated 
vapor with the heat of vaporization evaluated from Clapeyron’s equation. With the 
P-V-T data for liquids, the enthalpy and entropy values of compressed liquids are 
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evaluated along 2 number of isothermal paths from those of saturated liquids at the 
same temperature in much the same way as for the vapor phase. These procedural 
steps are well illustrated by the arrowed paths in Figure 7. 

The method (10,14) used in the construction of an enthalpy concentration dia- 
gram depends upon the kind of data available for the mixture. Consider a binary 
system with complete miscibility 1m the liquid phase. first choose a reference tem- 
perature (7s) at which the enthalpy values of pure compounds are assigned zero. 
Next locate the two terminal points, the enthalpies of pure compounds, on the iso- 
thermal (7), where the heat of solution data are available. The relation used for the 
location of such terminal points is: 


HT) = fk (Ca (119) 

From the heat of solution data, the enthalpy of selution at 7 is calculated for 
different concentrations by: 

W(7)) = XsH, + (lL — Xa)y — as (120) 


where V4 is mole fraction of compound A; AH, and [Ty are the enthalpics of pure A and 
B at the temperature of the solution; g, isthe integral heat of solution per mole of solu- 





Saturated liquid at freezing point 


5 
Fig. 7. Paths used in entropy aud euthalpy evaluation. 


tion. After the isotherm at 7, is located, values on wny other isotherms are evaluated 
from the equation: 


HT) = ACL) + Se (Codix a? (121) 


where (C,,)1x 18 the specific heat of solution at any concentration X. If the heats of 
solution at several temperatures instead of the specific heats of solution are available, 
leeate several isotherms similarly with equation (120). Interpolation locates the 
other isotherms in the same phase. 

' Tf the liquid solution was formed from a salt (A) and water (B), the procedure 
would start with the location of the enthalpy values of pure water (H;) by the method 
outlined previously. Next obtain the enthalpies of solutions at a given temperature 
by: 


Hy, = Xaqo + (l- Xs) Hy (122) 


Equation (122) was derived from the first law of thermodynamics by choosing infinite 
dilution as the reference state for the salt (B) where the enthalpy of the latter is 
assigned zero. The term gq, in equation (122) refers to the heat of dilution at infinite 
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dilution, which is evaluated hy extrapolating the heat of solution data to the zero con- 
centration of the salt. 

With the availability of the data for heat of vaporization, vapor-liquid equilib- 
rium, and specific heat of vapor, the construction of an enthalpy-concentration dia- 
gram can be extended into the two-phase and superheated vapor phase regions. The 
saturated liquid curve is the locus of the points of intersection of the isotherms and the 
vertical lines for the compositions relating the temperatures by the bubble point data. 
By adding the heat of vaporization of the pure components to the values of enthalpy 
at the two ends of the curve for saturated liquid, the points giving the enthalpy of 
vapor of two pure compounds are located. Other points in the saturated vapor curve 
are similarly located with the data for heat of vaporization of the mixture at various 
compositions. A more convenicnt method to locate the saturation vapor eurve is to 
use the intersection of the isotherms in the superheated vapor phase and the vertices 
line for the compositions at the various dew points. The isotherms in the vapor region 
are straight lines connecting the points for the enthalpy of pure componnds, because 
the heat of mixing the guses is negligibly small. 


Correlation and Prediction of Thermodynamic Data 


The lack of either part or all of the thermodynamic data has often constituted a 
serious problem in process design. It happens very often that the collection of ex- 
perimental data appears to be impossible, or at, least impractical, as far as a process 
engineer 1s concerned. 

Various methods of correlation are now available to chemical engineers for com- 
puting ad¢litional data in » given range from the somewhat incomplete given data. 
Correlations developed from rigorous principles of thermodynamics not only create 
confidence in the interpolation of the data, but also give eritieal tests for the consist- 
ency of existing experimental data. Wherever possible, a1 good design engineer 
should always test design data, before using them, by the thermodynamic correlations. 
See Data (correlation); Vapor pressure; and references 1,3,8,10-17,23,28,31-34,37- 
54,57 62,0567, 72. 

Frequently it happens that the thermodynamic data required for the design are 
completely lucking. In such cases, the successful solution of a problem depends a 
great deal upon the ability of an engineer to “predict” thermodynamic data, that is, 
to calculate their probable values from extremely meager, apparently unrelated 
pieces of information. The basic data required for the complete evaluation of various 
thermodynamic data arc: (/) vapor pressure; (2) P-V-7’ data of liquid and vapor 
phase; (3) heat capacity in the ideal gas state; (4) entropy value at any given state; 
(6) heat of reaction at any given condition; (6) heat of solution or dilution. There is 
no method available at present for such prediction of vapor pressure data, although, 
if the boiling point is known, it is possible to make an estimate of the critical properties 
(23,34), and thence of the vapor pressure data, by the use of the Othmer plot, Antoine 
equation, or Cox chart. P-V-7 data for the vapor can be predicted either from the 
generalized compressibility factor (5a,14,28) or from generalized equations of state 
(67). Although a generalized correlation through the compressibility factor has been 
similarly proposed (32) for saturated liquids, the use of the expansion factor is consid- 
ered to be a method applicable to both saturated and compressed liquids (23). These 
generalized correlations for both liquid and vapor can lead to the prediction of P-V-T 
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data from the critical properties, if these are known, or even if they themselves have 
heen predicted by Meissner’s method from the chemical formula of the substanee (34). 
Heat capacity data in ideal gas state can he predicted for both hydrocarbons and non- 
hydrocarbons from their structural formula (14,23,65). With various methods avail- 
able, it is always advisable 10 use more than one method in the predietion of heat 
capacity data for the purpose of cross-checking. Statistical as well as empirical 
methods have been used to develop the equations for the computation of entropy 
(15,23,66,72). Data on heat of reactions can be predicted from bond energy (28,56), 
group contribution (23), or a semi-empirical method for hydroearbons only (G6), 
Vor the heat of solution, there are available ouly methods of limited validity (1,21,64). 
Predictions of heat of vaporization and liquid heat capacity from the structural 
formulas of compounds are given in the literature (6,8). 

In processing the complex thermodynamic calculation, the usc of 1.B.M. machines 
is recommended (63). Ii may be worth while to point out that there is no excuse for 
using the method of prediction if the experimental data are available in the literature. 
Of all the methods of preciction discussed, very few are not empirical in nature. 


Nomenclature 


The choice of symbols used in thermodynamics has suffered from an unfortunate 
lack of uniformity. The nomenclature used here is based on that recommended by 
the American Institute of Chemical Engineers (5a). Among other scientists in the 
U.S. the symbol F is widely used for free energy (Gibbs), but the American Institute of 
Chemical Engineers recommends G, which does not lead te confusion with the Faraday 
constant /, In Europe also G is widely used for the Gibbs free energy, and / often 


denotes the Helmholtz free energy (total work function), which is represented in the 
U.S. by A. 


A area of cross section 
total work function 
C number of components 
Cy C, heat capacity at constant pressure or volume 
D diameter 
jf trietion factor 
function 
F foree 
degrees of frecdom 
EF’ frictional loss 
ge dimensional constant in Newton’s lw, ge = (mass)(aceeleration) /force 
@ free energy 
EH enthalpy 
& characterization fuetor 
EL length 
™ mass 
M~ molecular weight 
N-number in general 
total number of moles 
P pressure 
number of phases 
P, external pressure 
@ heat flux 
rate of heat transfer per unit area of heat transfer surface 
qs integral heat of solution per mole of solution 


Differentials 


il 
5 
a) 
A 
Greek Leilers 


ex, 8, y, ote. 
a’ 


d 


Subseripls 


Supersertpls 
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heat of solution wt infinite dilution 

heat absorbed by a system 

gas constant 

entropy 

absolute temperature 

normal boiling tenperature 

velocity 

internal energy 

volume 

mass flow rate 

work; work done hy a system 

availiable work other than mechanienl work of expansion 
height 

mole fraction; species is denoted by subscript 
compressibility fietor 


differential amount independent of path 
differential amount dependent on path 
partial differential 

finite difference 


constauts 
residual volume 
heat of vaporization 


initial slate, or step L 

final state or step 2 

steps 3, 4, etc. 

designations of compounds 

inside, as D;, inside diameter 

generalized designation by number of a compound 
liquid 

mean ville 

products 

reactants 

saturated 

snuturated liquid (in equilibrium with satureted vapor) 
saturated vapor 

vapor 

infinite dilution 


idenl state 
standard. state 
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THERMOFOR PROCESS. Sce Petroleum (refinery processes), Vol. 10, p. 131. 
THERMOMETRY. See Electronics, Vol. 5, p. 592; Temperature measurement, 
THERMOPLASTICS; THERMOSETTING PLASTICS. See Plastics, Vol. 10, pp. 
798-799. . 
THERMOPSINE, CisHaN.O. See Alkaloids, Vol. 1, p. 483. 
THETINS, R.S.0.CO.CHe. See Sulfur compounds, organic, Vol. 18, p. 442. 
Ld 


THEVETIN; THEVETIGENIN, CoH230.. See Cardiovascular agents, Vol. 3, p. 214. 


THIA- 


For names of heterocyclic compounds derived from names of carbocyclic compounds 
by prefixing thia- to denote replacement of ring carbon by sulfur (such as ‘1-thia- 
indene” and “thiamorpholine”’) see under Heterocyclic compounds. See also Suljfides, 
organic, Vol. 18, p. 295. 


THIALS, RCHS. See Sulfur compounds, organic, Vol. 18, p. 442. 
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THIAMINE 


Thiamine (thiamin, vitamin B,, Uhiamine chloride, 3-(4-amino-2-methyl-d-pyrimidiny|- 
methyl)-5-(2-hydroxyethyl)-4-methylthiazolium chloride), CwHyCIN.OS; formula 
weight 301.18, is a member of the vitamin B complex group (see Vitamins). A de- 
ficiency of thiamine in the diet may lead to a deterioration of the nervous system. 
Thiamine hydrochloride(I), U.S.P. XIV, N.N.R., is the usual form of the vitamin. 
The mononitrate salt of the thiazolium cation (thiamine mononitrate, U.S.P. XIV) 
is also ou the market. The names thiamine and vitamin By have been used ambigu- 
ously; thus the salt represented in formula (I) has been called thiamine chloride 
hydrochloride, thiamine hydrochloride and vitamin B, hydrochloride, thiamine and 
vitamin B; Whenever this salt is specifically referred to in this article, it will be 
called thiamine hydrochloride. (The positions in the pyrimidine ring are often distin- 
guished by primes.) 


CH, 1 
“Cl 
Nis N d CH, CH 
cules i Gs dlencron onl, hg le CH.OH 
NH, HCl ~S ~— ue 
_ Thiamine hydrochloride (II) Thiochrome 


Vitamin 3B, occurs in nature in the form of its salts, esters with phosphuri¢ acids, 
oY as @ pyrophosphoric acid ester—protein-metal complex (carboxylase). It is present 
in high concentrations in seeds, and in small amounts it is widely distributed in the 
animal organism in different organs and muscles. The vitamin is available commer- 
cially in bulk form as the hydrochloride or the mononitrate for use in food enrichment 
or the compounding of pharmaceutical forms. Only the hydrochloride is used for the 
preparation of solutions for injection, 

In 1884 Takaki, when he checked the onslaught of beriberi in the Japancse 
Navy, demonstrated that it is a deficiency disease by changing the staple of the ‘diet 
from polished to unpolished rice. In 1912 Funk cured rats of dietary polyneuritis 
by the administration of extracts of rice bran, and in 1926 Jansen and Donath isolated 
vitamin B; in crystalline form from rice bran. The structure of thiamine was eluci- 
dated independently in 19386 by teams led by Williams and by Grewe, and later in the 
same year syntheses were reported by the Williams group in the U.S, and by Andersag 
and Westphal in Germany. It was soon established that thiamine in the form of its 
pyrophosphoric acid ester (cocarboxylase) played an important role in human nutri- 
tion as a part of the enzyme systems catalyzing the decarboxylation of e-keto acids 
{such as pyruvic acid, CH,COCOOH). Utilization of the vitamin has increased 
steadily until today more than 125 tons of the vitamin are synthesized annually for 
the treatment or prevention of thiamine deficiency. 


Physical and Chemical] Properties 


The basie thiamine nucleus is a cation, which forms salts with many acids, the 
center(s) of basicity being the quaternary nitrogen in the thiazole ring alone or that 
nitrogeu plus the primary amino group attached to the pyrimidine ring. Whereas a 
multitude of salts has been veported, the hydrochloride and the mononitrate have 
been used most widely. 

As might be anticipated from the presence of the pyrimidine and thiazole rings, 
thiamine salts exhibit an absorption in the ultraviolet region; the maxima are at 235 
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aud 267 mu 44). Absorption data proved of considerable value in the elucidation 
of the structure of thiamine, but there has been little application of this technique for 
analytical purposes. 

Thiamine salts can undergo the characteristic reactions of a primary amino group 
and a primary aleohol group, and these reactions were also of value in the work on 
structure. Many of the early observations, for example the vulnerability of thiamine 
to degradation by nitrite and acetates, are now interpreted as the loss of the amino 
group in the 4-position of the pyrimidine ring or the general instability of thiamime at 
an elevated pH. 

Thiamine salts are easily oxidized by a variety of oxidizing agents, even air, to the 
biologically inactive thiochrome (II); this fact has been utilized in the “thiochrome 
assay’? (see p. 40). Thiochrome has been synthesized by Todd anc co-workers (31) 
using an approach quite similar to one of the thiamine syutheses. 

Thiamine is reported to be easily reduced to a dihydro form (18), whieh is biologi- 
cally inactive. The reaction isirreversible, 

Thiamine hydrochloride is a white, crystalline solid, m.p. approx. 248°C. 
(decompn.). It is thermally stable at temperatures as high as 100°C. for long periods. 
Tts solubility in water is high, 1 g./1 ml.; in 95°% ethyl alcohol, 1 g./100 mi.; in ab- 
solute ethyl alcohol, 1 g./315 ml. Thiamine hydr ochloride is essentially insoluble in all 
nonpolar solvents. The material is mildly hygroscopic, absorbing an amount of water 
equivalent ta about 5% of its weight from air of average humidity; the hydrated 
material is easily desiccated at 100°C. Aqueous solutions of thiamine hydrochloride 
are acidic; the pH of a 1% wt./vol. solution is 3.13. Aqueous solutions in the pH 
range 3 to 5.5 are reasonably stable toward thermal sterilization at 120°C. There is a 
marked decrease in stability os solutions are made progressively more alkaline, and 
above a pH of about 7, corresponding to the univalent cation, thiamine is regarded 
as an unstable compound. The changes occurring upon the titration of thiamine hy- 
drochloride with alkali have heen reported by Williams and Spies (see Scheme 1), 
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Thiamine hydrochloride decomposes when treated with sulfite solutions (18) 
or liquid ammonia, producing among other products 2-methyl-t-amino-5- (amino- 
methyl)pyrimidine (ILD), (840) (see Scheme 2). These reactions helped determine 
the structure of the pyrimidine ring and the mode of attachment of the pyrunidine 
and thiazole rings. 
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Thiamine mononitrate is a white, crystalline solid, mp. 190-200°C. (decompn.). 
The solubility in water Is about 1 g./87 ml at 25°C. and L g./3.4 mb at 
100°C. Aqueous solutions are essentially neutral, Since the thermat stability of the 
mononitrate is siguificanthy greater than that of the hydrochloride, the former is used 
frequeutly in preference to the hydrochloride in the fortification of cereal products 
which are to be cooked, 


Assay Methods 


‘Thiamine may be assayed by fluorometric, gravimetric, colorimetric (18, Vol. 1, 
pp. 217-223), microbiological (13, Vol. I, pp. 872-877), and animal (18, Vol. LH, pp. 
179-201) assay methods. Of these, the fluorometric procedures have attained the 
widest acceptance (2518, Vol. 11, pp. 92-102). These involve oxidation of thiamine to 
the highly fluorescent thiochrome (L]); the fluorescence is then compared with that 
from astandard thiamine solution. This is the U.S.P. assay procedure. One gram of 
the vitamin is equivalent to 333,000 international units, 


Occurrence 


Thiamine is found in practically all animal and plant tissue in widely varying 
amounts, In plants the ouly significant concentration is in the seeds. Although 
there is no large storage in animals, the concentrations of thiamine in the liver, kid- 
neys, and muscular tissue (particularly the heart) are Ligher than in other parts of the 
body, The thiamine may occur as a salt, as the pyrophospharie acid ester (cocar- 
boxylase), as the triphosphoric acid ester or as complexes with protem and phosphoric 
acid. 

Since natural sources are not adequate for economical isolation of thiamine, all 
of the thiamine of commerce is produced synthetically. 

Dietary Sources of Thiamine. All forms of life require thiamine, and all forms of 
plants and several animals are capable of synthesizing the vitamin in quantities at 
least adequate for survival, The ruminants, such as sheep (2) and cattle (8,36), 
synthesize the thiamine they necd by bacterial action in the rumen. Tt is for this 
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reason that a significant role has never been found for thiamine in animal husbandry. 
On the other hand, thiamine deficiency characteristics not unlike those observed in 
humans can be induced in pigeons, rats, and mice by using controlled diets, demon- 
strating that these animals cannot synthesize the amount of thiamine necessary for 
healthy maintenance and must obtain their supply of the vitamin through their diets. 

The thiamine contents of several foods are given (83) in Table T (see also Colton- 
seed; lish and shellfish). Although these sources are of great importance nutrition- 
ally, significant proportions of the vitamin are destroyed in conventional cooking proc- 
esses. There appears to be an anomaly between the stability of pure thiamine and 
moderate instability upon cooking. However, practically all foods are prepared at an 
essentially neutral pI, that is, considerably above the pH required for optimum stabil- 
ity of thiamine. Furthermore, heavy metals, which may be dissolved from the cook- 
ing vessel or are present in the water, and several diverse reactive organic groups de- 
tract substantially from the stability of the molecule. Therefore, it is common prac- 
tice to supplement the naturally occurring thiamine in cereals with the pure vitamin, 
thus compensating for losses incurred in processing and cooking and insuring a reason- 
ably adequate thiamine intake. 


TABLE I. Dietary Sources of Thiamine. 














~ Food —~ we./ 100 g. ~ Food e./ 100 g. 
Wheat germ 2050 Flour, rye, whole grain 470 
Soy flour 770-1 100 Wheat, whole grain 450 
Pork, various cuts 620-1050 Corn meal, whole grain 410-450 
Peas, split 370 Milk, dry skim 350 
Pecans 720 Milk, dry whole 300 
Oatmeal 550 Rice, brown 290 
Heart, fresh 540 Bread, whole wheat 280 


Source: Refs, (32) and (38). 








Synthesis 


The structure of thiamine (I, shown as the hydrochloride), consisting of 1 sub- 
stituted pyrimidine and a substituted thiazole moiety linked together by a methylene 
bridge, was proposed by Williams tn 1936 (40), and soon thereafter was established by 
synthesis, All methods for the synthesis of thiamine start either with both the sub- 
stituted pyrimidine and thiazole rings or with one of the two. There are several 
possible syntheses of the pyrimidine moiety (2-methyl-4-amino-5-(bromomethyl)- 
pyrimidine hydrobromide (IV)). One synthesis starts with ctlyl formate, ethyl 
3-cthoxypropionate and acetamidine (7) (see Scheme 3), Alternate pyrimidine syn- 
theses with either the 5-(carbethoxymethyl)pyrimidine (5-(ethoxycarbonylmethyl)- 
pyrimidine (C.A.) (V)) (1) or the 5-cyanopyrimidine (VJ) (12) as the first cyclic inter- 
mediate are shown in Scheme 4. These syntheses may be carried through to (IV) 
or terminated with the 5-(aminomethyl) pyrimidine (IIT), which is isolated as the di- 
hydrochloride, m.p. 270°C. (decompn.). 

‘The syntheses of the thiazole moiety (4-methy]-5-(2-hydroxyethy])thiazole, 4- 
methyl-5-thiazoleethanol (C.A.) (VITT)) have usually been based on the reaction of 
thioformamide with y-acetyl-y-chloropropanol (3-chloro-5-hydroxy-2-pentanone (C.A.) 
(VIZ)) or its equivalent (see Scheme 5 (5)). Clarke and Gurin (6) used the ethyl 
ether of (VII), and Todd et al, (80) used esters. The use of thioformamide has been 
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Scheme 5 
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avoided by the deamination (14) or desulfurization (+7) of the 2-amino or 2-mercapto 
derivative of (VII). 

Derivatives of furfural have also been used successfully in the preparation of the 
thiazole portion of thiamine (21) (sec Scheme 6). 
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The Thiamine Molecule. Once either or both of the heterocyclic components 
have been prepared, there are three basically different approaches to the synthesis of 
thiamine itself. 

Establishment of a linkage between the pyrimidine and thiazole moieties was the 
method used in the first synthesis of thiamine as reported by Williams and co-workers 
(41) (see Scheme 7). The thiazolium bromide hydrobromide (IX) formed is con- 
verted to thiamine hydrochloride (I) by the action of silver chloride in methanol. 
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Construction of the thiazole ring on the preformed pyrimidine portion (VI in Scheme 
4) was the general approach employed by Andersag and Westphal (1) and Todd and 
Bergel (4,29), who announced independent syntheses of thiamine hydrochloride at 
about the same time us did the Williams group, The two former groups of workers 
condensed 2-methyl-4-amino-5-(aminomethyl)pyrimidine CID with potassium dithio- 
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formate and then condensed the produek CX) with y-acetyl-y-chloropropanol (VTP 
Cor anester), Sea Seheme 8. 
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been earried out 2-4 starting with 2anothyl-l-amino-5-(formamidomethyl) pyrimidine, 
f-eceloxy-3-chloro-2-pentanone (the acelate of y-acetyl-y-chloropropanol (VID), and 
hydrogen sulfide, 
More recently, thiamine hydrochloride has been prepared (49) by the desulfuriza- 
dion of the corresponding 4-thtazoline-2-Lhione @-thiothiazolone) CXT) (see Scheme 8), 
Construction of the pyrimidine ring on the preformed thiazole ring has appurently 
intrigued few investigators as te possible synthesis of thiamine lyclrochloride. A 
French patent (46) does propose, but not exemplify, the general scheme shown in 
deheme Y. 
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Commercial Production, Industrial concerms manufacturing thismine have not 
published the details of their methods, but itis known that in general the production 
syntheses follow the original equations of the Williams group in the U.S. (Schemes 3,7; 
and of Andersag and Westphal in Germany (Schemes 4,8). 

Production and Prices. The production and sules data as given by the U.S. 
Tart! Commission are presented in Table Tf, 
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TABLE IL. U.S. Thiamine Production and Price. 





Sales 











Year Produetion, lh. Lh. Value, $ Unit value, § 
1953 277 ,000 194, 000 10,988,000 50.69 
1952 224,000 145, 000 9,574,000 66.21 
1951 268 ,000 183, 000 12,040,000 65.90 
1950 237 ,400 178, 600 12,005, 100 67.22 
104.9 187 , 800 145, 500 10,015,500 68.84 





In considering these data it is well to remember that. the quantity and value of sales 
fall signiticantly below production as the quantity sold excludes much of the thiamine 
diverted to foodstutis, Asa result of its more extensive use for the enrichment of 
cereal products in the decade 1941-1951, the price of thiamine salts was decreased by 
about 838%. Early in 1955, the price of thiamine hydrechloride and mononitrate was 
$100 per kilogram each. Thiamine hydrochloride US.P., and thiamine mononitrate 
are available in glass bottles and fiber drums. 


Deficiency Symptoms and Uses 


The maintenance requirements of thiamine for adults is in the range of 1.5 to 
2,0 mg. per day, but the minimum requirement is raised substantially under certain 
circumstances, for example, pregnancy, hyperthyroidism, lactation, fever, diarrhea, 
discases of the liver, and possibly alecholism. Thiamine plays a role in carbohydrate 
metabolism, nerve function, and growth. Incomplete metabolism of carbohydrates, 
characteristic of thiamine deficiency, results in increased concentration of a-keto 
acids in the urine, which iu turn leads to edema and deterioration of the nervous sys- 
temo, particularly the peripheral nerves of the extremities. The edema and serous 
effusions may occur with or without enlarged heart or congestive heart failure. Thia- 
mine deficiency sufficient to cause cardiac damage is commonly designated beribert. 

Thiamine defictency is remedied by parenteral or oral administration of thiamine. 
Although there is no strictly scientific basis for giving more than 10 to 20 mg. of thia- 
tine daily, it is the general practice to give larger amounts, up to 100 mg. daily, in 
cases of severe deficiency. Essentially no risk is involved because of the very low 
toxicity of the vitamin. 

Although thiamine plays an tmportaut role in the field of medieine, most of the 


TABLE IE. Requirements for Thiamine in Enriched Cereal Products. 
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Product Min. Max. 
Bread 1.1 1.8 
Flour 2.0 2.5 
Farina 1.66 —_ 
Macaroni 4.0 5.0 
Noodles 4.0 5.0 
Corm meals 2.0 3.0 
Corn grita 2.0 3.0 
Milled white rice 1.7° 2,6" 
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vitamin manofactured today is used in the eacichment of human foodstulls, parbicu- 
larly coreals. The enrichment program, started in 141, ineluded the addition. of 
iron, riboflavin (qe), ntacin (qe) as well us thinmine Gee Vol. 3, p, 626), During this 
year about 8% of the thiamine ingested came from the enrichment of cereal products; 
by 1948 the contvibution from enrichment had risen to bout ¢ 25%. The levels of 
thiamine necessary for various foodstulfs to be labeled as “euriched” is in the range 
of 1.1 to 5,0mg. per pound as defined by the ood and Drug Administration (seo also 
‘Table TH). 


Derivatives 


Cocarboxylase (diphosphothiamine), CalliyCINgOpus.eO CXL, YretHaPeO¢), 
formula weight of L78.87, 1s the pyrophosphoric ester of Uidamine and the cocngzynie of 
uarboxylase,  ]b orysts allies 1 rom melhanole hydrogen chloride as highly refractive 
stable erystals, mp. 240-214°C) (lecompn.). Cocarboxylase is soluble in waler but 
essentially insoluble in organic solvents. The aqueous solutions are more prone to 
decomposition than are those of thiamine, aud the solutions are highly weidic --pll 
2.28 foro 0.38% solution ab 25°C, 

Cocarboxyliuse, together with protein (apoenzyme) and a metal activator con- 
stitute the carboaylase enayne system, Purified yeusl carboxylase is reported to con- 
tain seven gram atoms of magnesium and one mole of cocarboxylase for each 75 ke, 
of the proteinaceous apoenzyme (16). Manganese is as effective as magnesium as an 
activator, aud reagents reactive with aldehydes, such as bisulfite, cyanides, and hydra- 
zines, also exhibit a stimulatory lfeet, presumably because of reaction with the in- 
hibitory end product, acetaldehyde. The funetion of the carboxylase involves the 
vatabolism of pyruvic acid, CLICOCOOT, a necessary intermediate of carbohydrate 
utilization in vertebrates, Ou mole of cocurboxylase has heen reported to catalyze 
the decarboxylation of $10 moles of pyruvic acid within one minute wut 80°C, (20) 

Coearboxylase was first isolated from yeast (19,20) and a synthesis based upon the 
action of phosphorus oxychloride on thiamine hydrochloride was first realized hy Stem 
wid Toler (28), The phosphoryliution has been improved steadily and yields as high 
as 55%, are now obtamed (15,34,37,88,89). Synthetic cocarboxyluse is in demand for 
hiochemical research, tn January 195-4, the price wis about $45.00 per gram, 
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Thiaminetriphosphoric acid (thiamine triphosphate, “PTP), ChtaGlNqwPss.- 
MalhO (XTEY TL P3O9), formala weight 6(9.80, is another modification of thiamine 
I biological significance. Tb crystallizes from mixtures of water, wWeolol, and asectone 
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as the hygroscopic hemihydrate, m.p. 228-232°C., which is freely soluble in water 
but insoluble in common organic solvents. This form of thiamine is synthesized by 
the phosphorylation of thiamine using much the same proceduies as are employed for 
cocarboxylase (15,34,37,38,39). Thiamine triphosphate, which can function as a co- 
enzyme for carboxylase, appears to be more stable than cocurboxylase, for example, 
the triphosphate is not hydrolyzed by adenostnetriphosphatase from muscle (85). 


Analogs and Antimetabolites 


Thiamine-like activity is not limited to thiamine itself bul has been observed. in 
several similar structures. Such activity is retained if (a) an ethyl group is substi- 
tuted for methyl iu the 2-pyrimidine position, (b) the 4-thiazolin-2-thione (XT) (23) is 
substiluted for the thiazole portion of the thiamine molecule, or (c) the thiazole ring is 
opened to give “thiamine disulfide’ (XTIT) or allithiamine (XTV) (17). Vitamin ac- 
tivity with the disulfide and allithiamine is not surprising in view of the ease with which 
these compounds revert to thiamine in the presence of thiol compounds, for example, 
cysteine (25). Omission of the methyl group in the 2-pyrimidine or shifting position of 
this group to the 6-position results in products having roughly 10 per cent of the ac- 
tivity of thiamine. Several compounds with structures analogous to thiamine are 
known to be thiamine antimetabolites, that is, they counteract the vitamin activity of 
thiamine. Thus substitution of a pyridine rng for the thiazole ring in thiamine gives 
the so-called “pyrithiamine”’ (XV), a thiamine antagonist (45). Compounds in which 
the methyl group in the 2-pyrimidine position of thiamine is substituted by a benzyl 
or n-butyl group are also antagonistic to thiamine (9). Also, substitution of hydroxyl 
for amino in the 4-pyrimidine position results in antimetabolite activity. 
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THTAMYLAL, CyllaNsO8. Soe Stimulants and depressants af the nervous system, Vol. 
13, p. 10. ; 

THIAZINES. See Azine dyes, Vol. 2, p. 221; Heterocyclic compounds, Vol. 7, p. 4535 
Sulfur dyes, Vol. 18, p. 447. 
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THIAZOLE DYES 


The thiazole dyes comprise a class of coloring matters characterized by the presence of 
the chromophoric thiazole grouping (I). Other dye classes that include some members 
having this grouping are anthraquinone dyes (g.v.), azo dyes (g.v.), cyanine dyes (q.v.), 
and sulfur dyes (q.v.). Some polymethine dyes (g.v.), including certain derivatives of 
rhodanine, 8. CS.NH.CO. ‘CHa, also contain the thiazole grouping. 


() (ID Benzothiazole 


The simplest derivatives of thiazole itself are uot colored. A color occurs only when 
the thiazole ring is fused with one or more benzene nuclei, as in derivatives of benze- 
thiazole (11), or is combined with a straight-chain conjugated system. Possibly the sim- 
plest thiazole dye known is obtained from 2-aminobenzothiazole. When this compound 
is treated with hypochlorite (ihe essential product of this reaction is the azo com- 
pound), a bright red color immediately develops. One of the chief uses for 2-amino- 
benzothiazole or one of its C(4)- or C(6)-substituted derivatives is in the impregnation 
of paper to be used for legal documents and checks as an antiforgery measure. When 
an ink eradicator, such as hypochlorite solution, is applied to such paper a deeply 
colored blot develops (8), 

The first dye containiug a thiazole ring was Primuline, discovered in 1887 by 
Arthur Green, who obtained it by heating 2 moles of p-toluidine with 4 moles of sulfur 
at 200-280°C. and subsequently sulfonating the base with fuming sulfuric acid. How- 
ever, it was later found that the reaction between sulfur and p-toluidine gives three 
products, which were identified as thio-p-tolwidine (III), dehydrothio-p-toluidine (2-(p- 
aminophenyl)-6-methylbenzothiagzole) (IV), and bisdehydrothio-p-toluidine (primuline 
base, 2-(p-aminopheny!)-6-(6-methy]-2-benzothiazolyl) benzothiazole)(V). 


NH, NH, 
-loluidine (III) thiopetoteatine (IV) dehydrothio-p-toluidine 
. N NH, 
6 x 


(V)  bisdehydrothio-p-toluidine 


The thiotoluidine does not come into consideration here since it does not contain 
the thiazole ring. The dehydrothiotoluidine or its sulfonic acid, although not a dye, 
is used as dn intermediate. The sodium salt of the monosulfonic acid (primuline- 
‘sulfonic acid). of primuline base is the dye Primaline (CI, 812). ° | 

Homologs: of ptoluidine, for. example, m-Axyliding @, A dimethyl) and - 
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pseudocumidine (2,4,5-trimethylaniline), react with sulfur to form dehydrothio-m- 
xylidine and dehydrothiopseudocumidine, respectively. 

All of these compounds can be diazotized and coupled with phenolic or amino 
Uerivatives to form azo dyes substantive to cotton, or can be alkylated to produce 
mordant or direct dyes. Other valuable thiazole intermediates for azo dyes may be 
obtained from thionated derivatives of 6-amino-l-naphthol-8-sulfonie acid (J acid) 
aud from acylacetamidobenzothiazole derivatives. Several anthraquinone vat dyes 
contain a thiazole ring. 

A, few thiazole dyes find use ay biological stains (sce also Stains, microscopical 
(tiological)). 


Primuline Group 
MANUPACTURE OF DELYDROTHTOTOLUIDINESULFONIC ACID AND PRIMULINE 


Fusion. Into a steel, oil-jacketed, melt kettle fitted with reflux condenser, 334 lb. 
p-toliridine, 220 Ib. sulfur, and 1.5 lb. sodium carbonate are charged. The contents 
are heated until melted, the agitator is started, and the temperature is slowly raised to 
185°C. and maintained at 185-188°C. for 18 hr. At the end of this period, the tem- 
perature of the melt is raised to 245°C. over 5 hr. and held at this temperature for about 
lhr The melt is blown into a vented pan where it is allowed to cool overnight. 
‘Weight: about 375 lb. of primuline melt. Tt ig ground with 3 lb. sodium carbonate to 
prevent lumping when introduced into sulfuric acid, 

Sulfonation. Tleven hundred pounds of sulfuric acid (monohydrate), is charged 
into a steam- and brine-jacketed sulfonator, and 385 Ib. of ground primuline melt is 
screened in over approximately 4 hr. The temperature rises to 80-85°C., and is held 
at this point until all is in solution. The solution is cooled with brine to 35°C. and 

‘then 510 Ib, 65% oleum is slowly added so the temperature does not rise above 40°C, 
It ig held at 40°C, until a test is soluble in dilute ammonia and then cooled to 85°C. 
and blown into ive and water. It is then filtered and washed acid-free to Congo Red 
test paper. 

Separation. The washed filter cake is added to 1500 Ib. water, heated to 60°C., 
and treated with about 30 lb. 100% ammonia to give a clear solution. It is cooled and 
allowed to stand for 3-4 days. The precipitated ammonium salt of dehydrothiotolui- 
dinesulfonie acid is filtered and washed with woak ammonia water, The filter cake is 
then dried. Yield: about 110 lb. of the dry ammonium salt. 

Sometimes it is desired to have the free dehydrothio-p-toluidine hase. In that 
case the finished melt may be distilled in a cast-iron still under vacuum (10-15 mm.) at 
1§0-300°C. in the vapor, or 200-390°C. in the molten mass. Another method (6) 
is to extract the melt with alechol, which dissolves the thiotoluidine and dehydrothio- 
toluidine and leaves the primuline base. The alcoholic extract is evaporated to dry- 
ness and the toluidine and part of the thiotoluidine are driven off by heating to 250°C. 
The; dehydrothiotoluidine is sulfonated by dissolving in sulfuric acid (monohydrate) 
and adding 25% oleum. Dehydrothiotoluidinesulfonic acid may be further sulfonated 
to the disulfonic acid by baking procedures (8,9). 

To obtain Primuline, about 132 lh. sodium carbonate is added to the: filtrate ob- 
tained from the separation of the dehydrothiotoluidinesulfonic acid: and boiled for 
5-6 hr. to remove the ammonia. It is cooled to 70°C. and salt is added tio precipitate 
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the sodium salt of bisdehydrothiotoluidinesulfonic acid (Primuline) which is then 
cooled, filtered, and dried. Yield: approximately 330 lb. of concentrated Primuline. 
If the melt was first extracted with alcohol, the primuline base residue is sulfonated 
with 25% oleum, 
In 1953 the U.S. production of Primuline was 277,000 lb. and the sales 247,000 ib. 
ata unit value of $0.98/Ib. 


PROPERTIES AND RELATED DYES 
Dehydrothio-p-toluidinesulfonic acid has no affinity for the cotton fiber. Oxida- 
tion of its sodium salt with sodium hypochlorite yields Chloramine Yellow (Direct 
Fast Yellow) (C\I, 814), which according to Schubert (15) has the constitution (VI). 


y Caen 60% 
H;C go ~ CH; 
50.Na 


(VI) Chlovamine Yellow 


Chloramine Yellow dyes coiton directly in a yellow shade having superior fastness to 
chlorine and light and is not discharged by reducing agents. It is one of the best 
direct yellows known. In 1958 the U.S. production was 417,000 lb. and the sales were 
400,000 lb. at a unit value of $1.43/Ib. 

Primulinesulfonic acid or its sodium salt, Primuline (C.J. 812), will combine di- 
rectly with the cotton fiber, where it can be diazotized and coupled with phenolic or 
aminocompounds. The dyeisalso used as a biological stain. 

Both dehydrothiotoluidinesulfonic acid and primulinegulfonie acid can be diazo- 
tized and coupled with another mole of the undiazotized sulfonic acid to form diazo- 
amino compounds which dye cotton directly in strong bright yellow shades having 
poor fastness qualities, for example, Thiazol Yellow (Clayton Yellow) (CZ. 813) (VIN). 


HOS SOsIL 


ROTORS 
LCm 7 “yo CU, 


ELO,S SsO,H 


Wil) Thiazol Yellow (Clayton Yallow) 


Thiazol Yellow paper is used as.an indicator for free caustic. alkali and the aye 
itself as a biological stain, . 

. Azo Dyes from’ Dehydrothio-p-toluidine (Lv): and smmiylidine Bases: “The red _ 
sand Foge shade dyes, obtained by. coupling the: dliazo dompounds of dehydrothio-p- 


Louss 
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toluidine (D’E) and debydrothio-m-xylidine (DX) with naphthol and naphilylamine- 
sulfonic acids, are the most important. Sec Table I. 


TABLE I. Azo Dyes from Dehydrothio-p-toluidine and -22-xylidine Bases. 


Dinza 




















compd. Coupler oe Dye _ C1 Now Remarks _ 
DT HOS OF ltrika 2GN 126 Bluish pink on cotton, 
NU Pontamine Fast, red on wool 
S) Pink GGN 
SOsH 
DT Ol Ceranine Ci 127 Yellowish pink to blue 
Lf ish pink 
Yo \ / SO 
pr Ch OW diamine Rose BD 128 Pink on eotton 
SOS Mrie Pink 2B 
| Caleomine Pinks RX Cone. 
ya ‘ Direct Pink BTA 
Tho a . Po all Pheno Pink RX Cone. 
DX SSS NU, Salmon Red 129) Salmon rec on colton 
HOS wi ASOsTL 
w 
DN HO. OW Hirike B. {30 Pink on eothon and 
oN Pontamine Past Pink [eB wool 
Tnx. 
out rica B 





Azo Dyes from Dehydrothio-»-toluidinesulfonic Acid (DTS). Treatment of V- 
acetyldehydrothio-p-toluidinesulfonic acid (2-(p-acetamidophenyl)-6-methyl-5-ben zo- 
thiazolesulfonic acid) with potassium permauganate in neutral solution converts it ito 
2-(p-acctamidophenyl])-5-sulfo-6-benzothiazolecarboxylic acid (18), which after hy- 
drolysis is diazotized and coupled with acetoacctanilide to give Benzo Pure Yellow PF 
(ViIT) (14, p. 2292; 17); this is readily soluble in water and dyes cotton im a clear grecn- 


ish-yellow shade. 
11038 x Op eegrcon{ 
000" Ow: COCH, 


(VIII) Benzo Pure Yellow FF 


Oxidation of 2+(p-mminophenyl-5-sulfo-6-benzothiazolecarboxylie acid with 
sodium hypochlorite gives a greenish-yellow dye of excellent lightfastness (23). 

Some of the dyes from the diazo compound of DTS with various couplers are 
shown in Tabte TI. 

Azo Dyes from Dehydrothio-p-toluidinedisulfonic Acid. echydrothiotoluidine- 
disulfonic acid is the basis for a number of interesting direct dyes. Tor example, it is 
diazotized and coupled to o-acetoacetanisidide to give Sirius Supra Yellow 5G (Pr. 99) 
(13, p. 1664; 19), also sold as Solantine Yellow SGi. and Fastusol Yellow L5GA, 
which has good solubility in water and dyes cotton directly in a greenish-yellow shade 
of good lightfastness. When the distlfonic acid is coupled to the mixed urea 
derivative of J acid and p-uninoacetanilide, Sirius Scarlet B is obtained (13, p. 1290), 
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Yellow to orange-red to brown shades on cotton of excellent fastness to light and 
washing aud having good discharge properties are obtained with symmetrical diazo 
dyes produced from ¢elehydrothiotoluidinedisulfonic acid. The diazo of dehydro- 
thiotoluicdinedisulfonic acid is coupled to aniline, v-anistcdine or cresidine (5-methyl-o- 
wusidine) and the resulting aminoazo compound is phosgenated (80). 


TABLE II. Azo Dyes from Dehydrothio-p-toluidine Monosulfonic Acid. 

















Coupler ; Dye G. L Now ; Re nar 

OW Rosophenine 10B 225 Pink: ‘to red on colton, 

/™ Calcomine Brill, red on wool 

Pink SX Dbl. Cone, 
Paranol Fast Red SC 
; Pontamine Pink 28 
SO, Cone. 200% 

“Nf OH Thiazine Red GN 226 Pink on cotton, searlet- 

red on wool 

TLO;8) \ 
OH Oriol Yellow 223 Yellow on cotton, after- 
COOH Cotton Yellow R treated with Cu silts 
~ gives slightly redder 
tint 
NHCOCH.COCH, Dinnil Yellow 5 GA Pr, 249 (1) 
Diphenyl Pure Yellow 
5G 
0) — -N Le OCH: Dianil Yellow 3 GW _ Light- and washfast (27) 
CH Me CLyCO 
No 
SO.11 
Q~—-—Cu——O Tgenal Brown CM —~ Coupler made from 4- 


NN. chlorometanilic — acid 
N==N < >on (6-chloroaniline-3- 
sulfenie acid) and re- 
sorcinol (14, p. 2164) 





TTO38 
__OH NIf, Zunbest Orange R. —_ Dyed on cotton, diazo- 
~— SN tized in site and de- 
1,Cl=N-* veloped with 2-naph- 
° thol (12) 





Azo Dyes from Primulinesulfonic Acid, Beside the dye produced on the fiber 
(see p. 51), other primuline dyes are produced in substance. See Table TIL. 

Other similar dyes are C.J, 221, 222, 228, 231, 233, 646, 648, 650. 

Mixtures of DTS and primulinesulfonie acid may also be used as diazo compo- 
nents to obtain dyes similar to those given above under their separate headings. The 
two sulfonic acids are normally used as the mixture obtained directly from the melt, 
or the separated acids cau be mixed again in any proportion to give the shade desired. 
Whereas dehydrothiotoluidine colors on the fiber are bleached white when treated 
with sodium hydrosulfite, NasS:Q., Primuline colors leave the fiber yellow. 

Thioflavine Dyes. These are produced by alkylation of dehydrothiotolnidine, 
dehydrothiotoluidinesulfonic acid, or primuline base or -sulfonic acid. . 
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TABLE III. Azo Dyes from Primulinesulfonie Acid, 














Coupler Dye C1. No. “Remarks 
TLC)==N ~ Dianil Yellow R 649 Golden-yellow on cotton 
CNN ZS 
ween NM 
MT 
CH,COCIT.COOCLH, Dianil Yellow 3G 647 Yellow on cotton 
Ni, Alkali Brown 220 Reddish brown on cotton 
Oe 
OVE Tosophenine SG 227 Pink to red on colton 
/~ 
SOsI. 





Thioflanine T (CLI. 815)(CX) is produced by methylating dehydrothiotoluidine 
with methanol and hydrochloric acid in an enameled autoclave at 170-175°C. for 6-7 
hr, (pressure 35-45 atm.). The free amino group is dimethylated and the nitrogen in 
the thiazole is quaternized with the methyl ehloride, forming the trimethyl derivative, 
which is the dye. The autoclave charge is diluted with water, neutralized with so- 
dium hydroxide, and filtered. Of the total dehydrothiotoluicine charge, twenty-five 
per cent is only dimethylated and, as it is insoluble, is separated in this filtration. 
The Giltrate is salted with sodium sulfate to obtain the desired trimethyl derivative. 
The dimethyl derivative collected from several operations is remethylated (10, p. 
1184). Thioflavine T dyes mordanted cotton to a pure greenish yellow. It is also 
used in making organic pigments (see Vol. 10, p. 675). 


(IX) Thioflavine T 


Zitroflavine &@ is the zine salt of triethy1 thioflavine. 

Thioflavine S (CT. 816) is the sulfonic acid of dialkylated primuline base. It: is 
made by dissolving the dialkylprimuline base in sulfuric acid (monohydrate) at not 
over 40°C. The solution is sulfonated by feeding in 65% oleum, followed by heating 
to 90°C., and holding that temperature for 3 hr. The sulfonation reaction mass is 
drowned, filtered, and washed with water. Thioflavine § dyes cotton directly to a 
canary yellow (14, p. 2509). Both Thioflavine T and & are used as biological stains. 


Thiazole Dyes from J Acid 


Thionation of N-benzyl or -benzylidene derivatives (such as (XT)) of J acid (X) 
with sulfi and alkali sulfide yields thiazole derivatives (such as the 2-(m-aminophenyl)- 
thiazole derivative, XII) (16). This thiazole may be coupled with diazobenzene 
derivatives (18, pp. 1577-78, 1580, 1626) to form aminoazo compounds, for example, 
Diazo Brilliant Scarlet G CXTIT), which may be further diazotized on the fiber and 
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CHO 


5 DL. -O, Ne NO, 
NaS 
— ~ as 
HOS ILOS8 N= wo) ° 
(X) J acid 
MOSS 


Lies 
(XID) 


developed with 2-naphthols. ‘These dyes give vivid shades which have good fastness 
to acids and alkalies but are only moderately fast to light (5). 


HOS N 
N=N 


NH, 


OH 
(XI) 


Different shades are obtained if the p-aminophenyl isomer is substituted for the 
m-amino derivative CXIT), 


Azoic Thiazole Dyes from Couplers Made from Acylacetamidobenzothiazole 
Derivatives 


As an example, the printing mixture Hapddogen Golden Yellow [GL is prepared 
from the diazo compound of 4-chloro-o-toluidine (stabilized with N-methylglycine 
(sarcosine)) and the coupler 2-adetoacetamido-5-methoxy-6-ethoxybenzothiazole 
(N-(6-ethoxy-5-methoxy-2-henzothiazolyacetoacetamide) (4,21). 

Yellow dyes to be used either as developed dyes or lakes can be obtained, for ex- 
ample, from the diazo compound from 2-amino-4,6-dimethyl-5-chlorophenyl phenyl 
ether (XIV) (stabilized with sarcosine) and 2-aretoacetamido-5-methoxy-6-plienoxy~ 
benzothiazole (XV) (29). 


NBs CHO y 
‘ ) 
wo{ yo) (Sol TL Auncocncoet 
cl CH, 
(XIV) (XV) 


Thiazole Dyes of the Vat Series 


There are on the market several anthraquinone dyes (g.v.) containing a thiazole 
ring. The oldest and best known is Algol Yellow GC (Pr. 9) CX:VI), also sold as 
Cibanone Yellow GC Paste or Ponsol Flavone GC Double Paste. It can be-made by 
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reaction of 2,6-diaminoanthraquinone with benzotrichloride (a, a, e-trichlorotoluene) 
and sulfur in molten naphthalene. The reactants are heated in an agitated enameled 
autoclave for 21 hr. and held at 218-220°C, for the last 9 hr. The melt is blown by 
means of nitrogen Inte an agitated pressure apparatus (diluting kettle), cooled to 
about 90°C., diluted with chlorobenzene, and after 2 hr. blown at 120°C. into an agi- 
tated filter box. The clyc is obtained in the form of yellow erystals which dissolve in 


g aed ) 






(XVI) Algol Yellow GC 


concentrated sulfurie acid and in 1,2,4-trichlorobenzenc with a yellow color. It 
clyes cotton yellow from a violet vat (7; 10, pp. 2002-13; 22; 25; 28; 31; 32). In 
1953 the U.S. production was 2,269,000 lb. and the sales 2,030,000 Ib. at a unit value 
of $1.49/th. 

Aslightly more lightfast dye than Algol Yellow GC is Algol Yellow GGC (XVII), 
obtained from 1 mole of terephthaloyl chloride, p-Call(COC)s, 2 moles of 2-nmino 
anthraquinone, and sulfur (11), 


(XVI) Algol Yellow GC 


A series of fast orange dyes similar to Algol Yellow GCC from 2,5-dialkoxytere- 
phthalic acids as intermediates has heen patented (33). 

Indanthrene Yellow GF (Pr. 451) (XVII) (10, pp. 2144-52), known also as 
Carbanthrene Yellow GF Paste, is made by fusing together 2-methylanthraquinone, 


LO 
+) 


(XVID Indanthrene Yellow GF 


O 


benzidinge, and sulfur, extracting with sodium sulfide, and oxidizing with sodium hypo- 
chlorite. If p-phenylenediamine is used instead of henzidine, Algol Yellow GR (XIX) 


is obtained (2). 
ie) 
5 
a 6) 
Ss” 
O 


(XIX) Algol Yellow GR 0 
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By heating together 2 moles of l-mercapto-2-aminoanthraquinone and 1 mole of 
glyoxal sulfate (see Vol. 18, pp. 506, 511) in sulfuric acid (96%), Algol Yellow 8G (XX) 
is formed (20). It dissolves in sulfuric acid with a brown-yellow color and gives a 
violet vat. However, it is used only as a shading color. 


8—cC-C-—s 


ila 


Algol Yellow sc 


Oo 
O NE wy NH: x 
N N 
Ong On. 
O 
O N Hoo) NHCO 
(XXII) Indanthrene Blue CLG CF, 


(XXI1) Indanthrene Blue CLB 


Indanthrene Blue CLG (Vat Blue CLG; sec also Vat dyes) OCXT) is obtained in 
blue-violel needles which give a green solittion in concentrated sulfuric acid (24). 
It dyes cotton from a violet vat a, greenish-blue shade of outstanding light- and 
chlorine-fastness. 

Indanthrene Bine CLB (XXII) forms blue-red needles having a metallic luster 
which give an olive-green solution in concentrated sulfuric acid (26). It dyes cotton 
from a violet vat a clear iilense greenish-blue shade having excellent fastness proper- 
ties. 
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THIAZOLES. Sco Heterocyclic compounds, Vol. 7, p. 441; Thiazole dyes. 
THICKENERS. See Sedimentation. 

THIMEROSAL, C.Hi(SHgC.H;)COONa, Sce Mercury preparations, Vol. 8, p. 895. 
THINNERS. See Coatings, industrial; Paint. 

THIOACETALS, RCH(SR’):. See Mercaptals. 


THIO ACIDS 


A thio acid may be considered to be derived from the corresponding oxygen acid by 
replacement of some or all of the oxygen atoms with bivalent sulfur atoms. 

Inorganic thio acids, sometimes referred to as “sulfo acids,” are of interest mainly 
in the form of their salts or esters (for examples, see Phosphorus compounds, inorganic, 
Vol. 10, pp. 493, 507; Thiosulfurie acid). Thio acid derivatives are formed by the 
more negative elements that have acidic sulfides. Among these elements are gold, 
mercury, and boron; the group IV elements carbon, silicon, germanium, and tin; 
the group V elements phosphorus, vanadium, arsenic, antimony, and bismuth; and 
the group VI clements sulfur (see “Thiosulfonates” under Sulfur compounds, organic), 
chromium, molybdenum, and tungsten. The methods of formation of inorganic thio 
acid salts include treatment of a solution of the requisite acidic sulfide with a basic 
sulfide such as sodium sulfide, fusion of the components, or passage of hydrogen sul- 
fide through a solution of the oxysalt (11). 

Organic thio actds have been reviewed by Connor (6), and many of their reactions 
have been summarized by Tarbell and Harnish (18). 

Structure. Acids such as monothio acids containing both oxygen and sulfur 
seem to exist in only one form; this is not surprising in view of the equivalence of the 
oxygen atoms (attrilutable to resonance) in inorganic and organic oxygen acids. 
Thus for monothio carboxylic acids, both the thiol (—SH) and thione (>C==8) forms 
are assumed to contribute to the resonance hybrid of the anion: 
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fede —nbal 
R:C:8 <—— B:C::8 


although recent spectroscopic evidence indicates that thioacetic acid, at least, is sub- 
stantially completely in the thiol form (9). As would be expected, replacement of the 
mobile hydrogen atom(s) or the hydroxyl group(s) by a covalently bonded group 
results in an unequivocal structure, which is of either the thiol or thiono type; for 
example, esters of both the thiol (RCOSR’) and the thiono (RCSOR’) types are known. 

Nomenclature. For the acids themselves, including those containing oxygen as 
well as sulfur, a general (thio) name with no structural implications is preferable to a 
thiol or thiono name; for example, monothio- or dithiophosphorie acid, thioacetic 
acid. TJowever, for distinguishing two or more possible isomeric structures (usually 
isolated only in the case of derivatives), specific thiol or thiono names may be used, as 
ethyl thiolacetate and ethyl thionoacetate; alternatively the attachment of the sub- 
stituting group may be indicated by O- or S-, as O,O-diethy]l O-p-nitrophenyl thio- 
phosphate, (CoH;0)2P8(OC,;H{NO2); O-ethyl S-methyl hydrogen dithiophosphate, 
(CzH;0) (CH;8)POSH (see Vol. 10, pp. 496, 507). 

The three types of specific names shown below for the three possible thioacetic 
acids (or their derivatives) are analogous to those used for carboxylic acids (see Vol. 1, 
p. 140); the general names corresponding to thioacetic acid but formed with suffixes 
are ethanethioic and methanecarbothioic. 


CH,COS8H. CI,CSOL CH,CSSTI 
thiolacetic acid thionoacetic acid dithioacetic acid 
ethanethioli¢ acid ethancthionic® acid ethanethionothiolic acid 
methanecarbothiolie acid methanecarhothionic acid methanecarbodithioie acid 


# «Thionic” acid in this sense should not be confused with the term thionic acid (q.v.) as applied 
to acids of the general formula H2S,.05. 


“'Thioglycolic acid” (q.v.) is a misnomer for mercaptoacetic acid, HSCH.COOH, 
aud “thiosalicylic acid’’ for o-mercaptobenzoic acid, HSCs;H,COOH, used for making 
thioindigoid dyes (see Vol. 7, p. 823) and therapeutically in the form of its heavy- 
metal derivatives such as thimerosal, N.F. TX (Merthiolate) (see Mercury prepara- 
tions). 


Organic Monothio Acids 


PHYSICAL AND CHEMICAL PROPERTIES 


The lower aliphatic thio acids are liquids or low-melting solids, In general their 
alkali salts are soluble in water and the heavy-metal salts are insoluble, decomposing 
to metallic sulfides when heated with water, although lead thioacetate may be re- 
crystallized from water. Higher aliphatic thio acids are not known, but many esters 
have been prepared. 

Thioformic acid, HCOSH, is an unstable liquid which quickly decomposes to an 
amorphous product. Theoacelte acid, CH,COSTI, however, can be distilled with little 
loss at its b.p. of 87.5°C.; d7’, 1.0696; 2, 14636; m.p., ~75°; the boiling point, 
lower than that of acelic acid, indicates less association than is shown by acetic acid. 
Thioacetic acid has an odor resembling that of acetic acid and hydrogen sulfide. 
It is soluble in water and easily so in organic solvents. Vhiopropionie acid, CHyCH,- 
COSH, is an unpleasantly pungent liquid, b.p. 108,8-109.5°C., which also can be dis- 
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tilled. Thiobenzoie acid, CoHgCOSH, pale yellow, bi 85-87°C.; nj}, 1.6030. The 
lower homologs of the (COSID. series (corresponding to dicarboxylic acids) that 
are stable melt at or below room temperatiie, indieating the weakness of the 
intermolecular forces. The resonance energy of the —COSH group is reportedly 
much smaller than that of the --COOH group. 

Thio acids acylate amines much more readily than do earboxylic acids (13) and 
much milder conditions are possible (8,15,16); moreover, they sometimes function well 
where carboxylic acids fail: 

RCOUSH + R/NEL,———> RCONHR’ + HS 


Thio acids usually react with alcohols to form oxygen esters, but thiol esters are also 
formed to some extent: 


HU + RCOSR! -——— RCOSH + R/OH —— > RCOOR’ + ELS 


Addition of thio acids to uusaturaled compounds, frequently with a peroxide as a 
catalyst, results in “abnormal” addition in the sense of Markovuikov’s rule and yields 
thiol esters, which upon hydrolysis afford mercaptans (q.v.; sec also ref, 2); 


RCOSIL -- CHys=CHR’ 





re Ino noe . 
>» RCOSCH:CH:R’ ———> RCOOH + HSCHCH AR! 
Salts of thio acids are oxidized by iodine or similar agents to diacyl! disulfides: 
2RCOSNa + I, ———> RCOSSCOR. + 2 Nal 


"Thioacetic acid has been said 1o react explosively with strong nitric acid. 
‘Phioacetic acid has been recommended as a convenient, substitute for hydrogen 
sulfide in analytical operations, and also has certain other analytical uses. 


PREPARATION 

Most preparations of monothio acids involve treatment of an acid chloride or 
anhydride with a metal hydrosulfide, or with hydrogen sulfide and acidic or basic 
vatalysts. Thus, thiobenzoie acid forms in 61-76% yield upon reaction of benzoyl 
chlovide with potassium hydrosulfide (19), and thioacetie acid in 72-76% yield wpon 
reaction of hydrogen sulfide with acetie anhydride and a little sodium hydroxide (10) 
or in somewhat greater yield in the presence of 1% of pyridine in the cold (17): 

CelT;COC] + 2 KSH ———~ C,H,COSK + KC) -- IL5 
Cal L,COSK -- HCl—— C,H .COSH -- KCL 


OIL- 
(CHGCO}O + E2§—— CH, COSH + CHCOOIL 


Conversion of a dithio acid to its thiono chloride, followed by hydrolysis, yields a. 
monothio acid, as do recent promising methods whieh result in RCOSH upon treat- 
ment of the mixed anhydride, RCOOCOOC.H,, with hydrogen sulfide (8,16). 

Monothio acids are also obtainable from the reaction of a diaroyl sulfide, a diaroy! 
disulfide, or a phenyl ester with potassium hydrosulfide, as well as from the reactions 


of a Grignard reagent with carbon oxysulfide and of a carboxylic acid with phosphorus 
pentasulfide (10,19). 


DERIVATLV lis 


Esters (sce also Mercaptuns). Thiol esters (S-esters), RCOSR’, are hydrolyzed to 
RCOOH and R’/SH much more rapidly in alkaline than in acidie solution. The 
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relative rates of hydrolysis of carboxylic and thiol esters under alkaline couditions 
lepend. upon the structure of the ester, but the acidic hydrolysis of carboxylic esters 
occurs more rapidly. 
Aminolysis of thiol esters to an N-substituted carboxamide and a mereaptan 
proceeds more rapidly than alcoholysis or hydrolysis: 
RCOSR! 4- HeaNh’* -———> RCONHR’ + WSR’ 


The fact that amides can be formed in good yield under essentially physiological con- 
ditions has resulted in considerable interest in such reactions as models for hiological 
acylations (15), such as those involving coenzyme A (see Pantothenic acid). 

Desulfurization of a thiol ester with Raney nickel provides a useful and apparently 
rather general synthesis of an alcohol if the nickel is fresh, or of an aldehyde if the 
nickel has been deactivated (ref. 14, p. 204): 


RCHO «——— RCOS8R’ ——_--—> RCH.OH 


Heating the thiol ester with nickel that has first been heated to desorb hydrogen 
yields products such as RSR, RSR’, and R’SR’. Lithium hydride also reduces thiol 
esters to aldehydes. 

Ordinary nuclear substitution of esters of thiophenol by electrophilic reactions 
occurs Only in exceptional instances. Fries rearrangements are also unsuccessful, the 
products being trithio o thoesters. 

The usual preparation of thiol esters is by reaction of a mercaptan with an acid 
chloride, frequently (but not necessarily) in the presence of pyridine. Anhydrides 
are occasionally used instead of an acid chloride. The esters may also be obtained by 
reaction of an acid chloride with a metal mercaptide, which may result in somewhat 
lower yields, but casier purification; of a thio acid and an unsaturated compound or 
an epoxide; of a thio acid salt and an alkyl! halide or p-toluenesulfonate; or by 
hydrolysis of a thiotmido ester (obtained as ou p. 62, or from a nitrile with a mer- 
captan and hydrogen chloride). 

The thiol ester is much less favored in the equilibrium between carboxylic acids 
and mercaptans than js the carboxylic ester in the analogous reaction of an alcohol, 
Homocysteine, CH:(8H)CH,CH(NH.)COOH, in the presence of acid nevertheless 
undergoes cyclization to the thio lactone, 

Certain thiol esters are useful local anesthetics. Antispasmodie activity has 
ulso been reported for thiol esters, 

Thiono esters (O-esters), RCSOR’, are easily hydrolyzed to hydrogen sulfide and 
the corresponding oxygen ester. Owing also to their case of oxidation, they are much 
less stable than the isomeric thiol esters. Thiono esters may be obtained, in low 
yield, by reaction either of an imido: ester hydrochloride with hydrogen sulfide and 
pyridine, or of a Grignard reagent with a chlorothionocarbonate: 

RC(:NHHCHOR’ + HS STN, pogoR’ ——— CICSOR! 4 RMgX 

Amides (5). Thio amides may react in either the thiono form, RC(:8)NHs, 
the tautomeric thiol form, RC(:NA)SH, but normally seem to exist chiefly if ot 
entirely in the thiono form, 

Hot aqueous acids and alkalies generally hydrolyze thio amides and their V- 
substituted derivatives with moderate to considerable ease into the corresponding 
carboxylic acid, hydrogen sulfide, and ammonia or an amine. Concentrated sulfuric 
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acid, however, is likely in certain instances to effect cyclization, as in the case of mono- 
thivoxanilide to isatin (5). Alkaline hydrolysis of thiobenzamide leads to benzo- 
nitrile as an isolable intermediate. 

Pyrolysis of thio amides yields hydrogen sulfide and a nitrile, the decomposition 
being somewhat easier than that of the analogous amide. lectrolytic or chemical 
reduction results in amines and thereby provides a route to important nitrogen bases, 
although aldehydes may also form under certain circumstances, Raney nickel de- 
sulfurization, especially effective for amine preparation: 

. , (Hy 

ROSNR’R* —— RCILNERT’ 
can also he adapted to aldehyde preparation, N-substituted amides such as anilides 
(7), giving better yields than the unsubstituted. The outcome of oxidation reactions 
is more dependent on circumstances, and may result in any of several products. 

Thio amides are weak acids and as such are converted by sodium alkoxides to 
sodium derivatives which can be alkylated. The thiotmide esters thus formed are 
strongly basic, generally rather unstable, and yield thiol esters when hydrolyzed: 
wx 





NadColly ; ' ; Ino Set 
RCSNITR! —--—— [RCc: NR’)8] -Nat+ > RCOGNR ISR” —— RCOSR’ 


The reaction between thio amides and halo carbonyl eampounds coustitiutes the most 
widely used synthesis for thiazoles (20; see also Vol. 7, p. 4-f1). 
Conversion of thio amides to the corresponding amides may be effected with 
agents such as mercuric or lead oxide: 
RCSNE: + We -——~> RCONH + Hyg 
Ammonia and related substances give amidine-type products or N-substituted 
thio amides, depending upen the conditions: 
RCSNHR’ + NH; < 





RCSNH»s + R/NM, ———> NOGNRYNIL + Tas 
The thioformamido group climinates lrydrogen sulfide with an amino group ortho to 
it to form an imidazole under very mild conditions. This is valuable in nucleoside 
synthesis, The reaction of a thio amide with a nitrile results in an imido sulfide inter- 
mediate which may then yield a different thio amide and nitrile: 
RCN + R’CSNYW2, ——+ [RC(:NH)SC(: NH)R’] ———> R’CN + RCSNTL 

Thio amides may be quantitatively determined by means of hydrogen peroxide 

o} iodine in alkaline solution (21), 


The reactions most commonly used for the preparation of thio amides inchide: 
(2) Hydrogen sulfide with nitriles (q.v.): 


RCN + HS ———> RCSNE2 


This procedure seems to be the best and most generally used. An alcoholic solution 
containing a basic catalyst is usually used, sometimes with heating under pressure. 
The catalyst is frequently an amine, triethylamine in pyridine being especially 
promising (12), 
(2) Phosphorus pentasulfide with amides: 
5 RCONTL, + P.8; ——» 5 RCSNIL ++ Px0, 


This method is also one of the most general, and is widely used; an alkaline sulfide is 
often added. J*ormation of the corresponding nitrile is a side reaction. Operation in 
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aromatic hydrocarbon solvents and rapid removal of the product from the by-products 
are advantageous. Thio lactams, which may be regarded as cyclic thio amides, can 
be formed in a similar way from lactams; their reduction provides a route to cyclic 
imines. 

(8) Carhonyl compounds, as well as unsaturated compounds and certain other 
substances, with an amine and sulfur in the Kindler modification of the Willgerodt 
reaction (3): 


RCOCH, + (CHs)NH + § ——> RCTHLCSN(CHs)s 
The reaction of sulfur with suitable amines also yields thio amides (23): 
RCHLNERR’” + §—— RCSNR'R’” 


(4) Thio acids (or derivatives such as their salts, esters, and amides) with am- 
monia or amines (14) (see also p. 64): 


RCSOR’ -+ R*’NH2, -———> RCSNIIR” 
(6) Aluminum trisulfide and ammonium salts of carboxylic acids: 
3 RCOONH, + Al:sSs -———> 3 RCSNH, + 3 H.O + Al.0; 
This reaction and the following one have been less frequently used, but show promise. 


(6) Addition of organometallic compounds to isothioryanates : 


RMgX + R’NCS —— RO: NROSMgX 





HCL 
» RCSNHT’ +- MgXCl 


Some usefulness has been claimed for thio amides as pesticides, as tilms and fila- 
ments, and for prevention of corrosion, Several thio lactams have important physio- 
logical actions; for example, the thiobarbiturates (see Barbtturic acid and barbiturates) 
and derivatives of 2-thiauracil. 8:C .NH..CO.CH:CH, NH, which are antithyroid com- 
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pounds (see Thyroid and antithyroid preparations) having among other uses the ability 
to effect economy in the fattening of animals. 

Thioacetamide, CH,CSNH;j, is a solid, which is easily soluble in water and alcohol, 
and less so in ether; various meltig points have been reported in the range 107.5- 
116°C. Itisa commercial product said to keep well in water solution, and the solu- 
tion has been used advantageously as a substitute for hydrogen sulfide in inorganic 
analysis. Several thio amides also have specific analytical uses. These include m- 
beanic acid (dithiooxamide), (CSNH2)s, useful with several metal ions, especially 
copper, and also thioacetamide (bismuth) and thiobarbituric acid (rhodium); see also 
““Thiourea” under Urea. 

Anhydrides and Acid Halides. Thioacetic anhydride (acety] sulfide), (CH,CO).S, 
is a colorless lacrimatory liquid which decomposes somewhat at its boiling point of 
156-158°C., but can be distilled under reduced pressure. Raney nickel desulfurizes 
it to acetaldehyde. It is best prepared by refluxing thioacetic acid with acetyl 
chloride, but can also be obtained by the action of phosphorus pentasulfide ou acetic 
anhydride or of acety] chloride on lead thioacetate. 

Thiobenzoic anhydride (CsH,CO),S, m.p. 48°C., results from the reaction of ben- 
zoyl chloride with sodium sulfide, as well as with hydrogen sulfide and pyridine at 
—20°C. 

Diacetyl disulfide (CIIgCO)S82, and dibenzoyl disulfide (CoHs;CO)oS:, are obtain- 
able from the thio acids by oxidation. 
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Thiobenzoyl chloride, CaHsCSCl, is obtainable by the action of thionyl or oxalyl 
chloride on dithiobenzoic acid. Although it reportedly reacts vigorously with aniline, 
it does not react in the expected way with amino acids, 


Organic Dithio Acids 


Dithio acids, RCSSH, are reddish-yellow oils of repulsive odor, which are un- 
stable and decompose on standing. ‘They are easily oxidized in air to solid stable 
disulfides, RC(:S)SSCCS)R.  Dithtoueetic aetd, CHyCSSH, dis 387°C., is difficullly 
soluble in water but easily so in organte solvents. 

Dithio acids resemble monothio acids in the readiness with which they react with 
amines (see p. 60) but yield thio amides. The reaction of dithioformic acid or its po- 
tassium salt with amines at room temperature affords a preparation of thioforma- 
mides under very mild conditions; other aliphatic dithio acids react similarly. Di- 
thiobenzoie acid, ChE yCSSH, is less reactive than the aliphatic dithio acids, however, 
and does not react with amino acids even on warming, although its carboxymethyl! 
ester is effective. 

Aliphatic dithio acids react readily with an isocyanate ar isothiocyanate to form 
thioacylamino derivatives in good yield; for example: 


HCSSH + CiENCO > HCC: SNH CsI 1; + COS 


Dithio acids are usually prepared by reaction of a Grignard reagent with carbon 
disulfide: 


IL+ 
RMgX + C8:~——> RCSSMgX ——> RCSSH. 


Potassium dithioformate can be satisfactorily prepared from chloroform and potas- 
stum sulfide. The acid is best stored as this salt, because the [ree acid, a cream-colored 
powder, undergoes polymerization upon storage and diminishes rapidly in reactivity, 
Dithio acids are also obtainable from the reaction of an aldehyde with ammonium or 
sodium polysulfide. 

Esters of aromatic dithio acids appear to be relatively stable toward water, in 
contrast to esters of dithioacetic acid and probably other aliphatic dithio esters, 
which soon undergo extensive decomposition. It has been suggested that the greater 
stability of the aromatic esters results from increased resonance contributions (1). 

Dithio esters may he used for thioacylation : 


RCASR’ + RR" NT, ——> RCANHR’ 


Thiocarbonie Acids 


Although the thiocarbouic acids themselves are either unknown or very unstable, 
numerous derivatives are known. ‘Their chemistry can often he anticipated from that 
of simple carbonates and thio acids, 

Five possible thio acids are related to metacarbonic acid (HO).CO: 


0 8 O 8 5 
hoor | i | | 
HOCSEH HOCOH FScsH TOCSH HSCs 
Thiolearbonic Thionocarbanic Dithiolvarbonie  Thionothiolearhonic Trithiocarbonic 
aid neid acid noid acid 


Carbon disulfide (q.v.), CS, and carbonyl sulfide (carbon oxysulfide), COS (see 
Vol. 18, p. 384), are related as anhydrides to some of the acids; in the same way thio- 
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phosgene, CSCI, (see Vol. 18, p. 386), is an acid chloride and thiourea, CS(NT), 
(see Urea), a diamide with respect. to more than one acid. 

Three monoamides of thiocarbonie acids are theoretically possible: thiolearhamic 
acid, NH,COSH; thionocarbamie acid, NU.CSOH; and dithiocarbamic acid, 
NH-CSSH. The dithio acid has been known to exist but it is not very stable. The 
hydrazide of thionocarbamic acid is thiosemicarbazide, NHsCSNHNHs, (see Vol. 7, 
p. 587). Organic thiocyanates (q.v.) and isothiocyanates, which can be made by the 
reaction of thiophosgene with primary amines, are the acid anhydrides of the thiocar- 
hamic acid series (see p. 66). 

Dithizone (phenylazothionoformie acid phenylhydrazide, diphenylthiocarbazonue), 
C.AsN=-NCSNHNACH,, is extremely useful in inorganic analysis, Many me- 
tallie ions form characteristie intensely colored complexes with it, and under proper 
conditions excellent selectivity and sensitivity can often be achieved (see Lead, Vol. 8, 
p. 218). A solution of dithizone m chloroform or carbon tetrachloride is usually 
shaken with an aqueous solution of the metallic salt, and the resulting dithizone 
complex is extracted into the organic solvent and determined colorimetrically or other- 
wise. 

Esters of the mono-, di-, and trithio acids can be made by using mercaptans or 
aleohols with phosgene or thiophosgene, or chloroformates or thiochloroformates (see 
Vol. 8, p. 861). Glycolic acid esters of thiocarbonic and thiecarbamie acids have been 
suggested for use as waving solutions (see Vol. 12, p. 240). 


MONOTHIOCARBONIC ACIDS 


Moncthiolearbonates, RSCOOR, are easily hydrolyzed to mercaptans, alcohols, 
and carbon dioxide; bases are seemingly more effective catalysts than are acids. 
Sulfides may also form at high temperatures. In addition to the gencral method of 
preparing thiolcarbonates, diethy] thiolearbonate is obtainable from ethylxanthates as 
shown: 

WILOCSSR Yate, KOM 
—_——_ 


or 


COS f 


CH X CoHsS Na 
KSCOOC.H, —— (GH, 8COOC.H, -——— CICOOCH, 


Diary] thionocarbonates rearrange at about 300°C. to the isomeric thiol esters: 
(ArQ).0:8 —— ArOC(:O)SAr 


This reaction makes possible a promising conversion of phenols to thiophenols (18), 
Thionocarbonate esters may be prepared by the reaction of thiophosgene with an 
alkoxide, or with a phenol in the presence of a base. 

Thiolcarbamates can be yery satisfactorily prepared by the reaction of organic 
thiocyanates with concentrated sulfuric acid: 


THe80y 
RSCN + H.Q ———> RSOCNE, 


DITHIOCARBONIC ACIDS 


The reaction of phosgene and a mercaptide provides a route to esters of dithiol- 
carbonic acid (EIS).CO. These are subject to hydrolysis in much the same way as the 
monothialcarbonates. . 

. The other possible dithio acid is thionothiolcarbonic acid, HOCSSH, or xanthic 
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acid (see Xanthic acid and vanthaics). Xanthates are cleaved by phenylhydrazine 
more easily than are dithiolearbonates and may be distinguished in this way (18): 


ROCSSR! +. CISNTIN A, ———> ROCSNTTNAGGT, -+ R/S 


In some instances, xanthates tend 10 rearrange to dithiolearbonalcs upon being heated, 

The reaction of carbon disulfide, ethy! aleohol, and potassium hydroxide, yielding 
potassium ethylxanthate, CaTLOCSSI, also illustrates a type of reaction which is very 
important in the xanthate (viscose) process for manufacturing rayon (sec Vol. 11, p. 
529) and cellophane (q.0.). 

Dithiocarbamic acid can be isolated from iis ammonium salt, but it is not very 
stable. Its esters (dithionrethans), NH.CSSR, decompose on distillation into RS 
and HINCS, although the completely substituted compounds, RxNCSSR’, are rela- 
tively stable. 

Salts of dithiocarbamic acid or its derivatives are obtained from carbon disulfide 
with ammonia or a primaty or secondary aliphatic amine: 


R:NH +- C8: ——-—> [R,NC(:8)8]- ReNH.+ 


Aromatic amines do not yield stable salts unless 2 stronger base is present, and tend to 
give thiourea derivatives. Use of alkali in the reaction with the amine results in au 
alkali metal dithiocarbamate. 

Ammonium dithiocarbamate is useful in the syuthesis of heterocyclic compounds 
(qv.; see also ref, 20), and several such dithiocarbamates are also used in inorganic 
analysis, the most important probably being sodium diethyldithiocarbamate, (C2H;,)- 
NCSSNa, which is used for the determination of small amounts of copper (22). Di- 
thioearbamic acid derivatives have important commercial uses, ay do the thinram 
disulfides (ReNCS).82, derived from them by mild oxidation with hydrogen peroxide, 
nitrous acid, iodine, and similar agents (see Fungicides, agricultural, Rubber chemicals). 
A wide variety of other dithiocarbamates are known (4). 


TRITHIOCARBONIC ACID 


Trithioearhonic acid (H8).C8, is obtained as an unstable reddish oil, which is 
slightly soluble in water and in organic solvents, by carcful treatment of an alkali 
salt with concentrated hydrochloric acid. The alkali salts may be prepared in turn 
from carbon disulfide with alkali sulfides or hydrosulfides (RSCSSNa is obtained with 
RSNa; see Mercaplans, Vol. 8, p. 861). 

Sodium lrithiocarbonate, NayCS;, is a deliquescent pinkish-yellow solid, which 
gives the distinctly red aqueous solution apparently characteristic of true trithio- 
carbonates. It undergoes only very slow decomposition to sodium sulfide and sodium 
carbonate in excess alkali, but is decomposed by moist air and by even a weak acid. 
It may be obtained, in addition to the general preparation mentioned above, aloug 
with sodium carbonate, by the reaction of carbon disulfide and sodium hydroxide, As 
a result of this reaction, and also possibly because of formation from the sodium sulfide 
present, sodium trithiocarbonate is the chief by-product in the xanthation of cellulose 
(sec Rayon, Vol. 11, p. 530). 

The potassium salt is used for the analysis of nickel, osmium, and thallium. Its 
alkylation yields trithiocarbonic esters (RS).CS, which hydrolyze readily especially 
in the presence of a base. The reaction of epoxides with xanthates also yields these 
esters, generally in good yield: 
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Ciy.CH, + CHaOC8SIK ———+ CHS ; 
\74 len eS 
O CHS: 


The trithiocarbonates react with one molar equivalent of ammonia or a primary or 
secondary amine to yield a dithiourethan: 


(RS)CS ++ Re’NH ————> RSSCNR,’ +- WSR 


The fate of the urethan upon further treatment with the same base is variable. Thus, 
ammonium thiocyanate and 2 mereaptan result with ammonia, and symmetrically 
disubstituted thioureas with primary amines. With secondary amines, however, the 
reaction does not proceed readily beyond the urethan stage. 
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THIO ALCOHOLS, RSH. See Mercaptans. 

THIOALDEHYDES, RCIIS. See Sulfur compounds, organic, Vol. 13, p. 442. 
THIOAURIN. See Streptomyces antibiotics (survey), Vol. 18, pp. 59, 63, 64. 
THIOBETAINES, RS.O.CO.CHe. See Sulfur compounds, organic, Vol. 18, p. 442. 


Ld 
THIOCARBANILIDE (CsHsNH).CS. See Urea (derivatives). 
THIOCARBONIC ACIDS; THIOCARBONATES. See Thio acids. 
THIOCHROME, CrHuNsOd. See Lhiamene. 
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6,8-THIOCTIC ACID, S.8.CTH..CH.CH(CIL),COOTL See Sudfides, organic, Vol. 18, 
be cae. a 


p. 296. 
THIOCYANATES, INORGANIC, See Cyanides (thiocyanates), Vol. 4, p. 786. 


THIOCYANATES AND ISOTHIOCYANATES, ORGANIC 


Organic thiocyanates, which are esters of thiocyanic acid, HSC=N (see Vol. 4, p. 737), 
ure compounds in which a thiocyano (thiocyanato) group, --SC=SN, is attached to an 
organie radical. Similarly, the organic isothiocyanates (thiocarbimides, ‘“mustard- 
oils”) contain an isothiocyano (isothiocyanate) group, —-N==C==S, attached to an 
organic radical and may be considered esters of isothiocyanie acid, HN==C==§, 
According to Beilstein, ethyl thiocyanate, made in 1845, was the first recorded com- 
pound of this class, and the first mention of an isothiocyanate was in 1835. Beilstein 
lists a total of approximately three hundred thiocyanates and one bundred isothio- 
eyanates, 

Organic thiocyanates apparently do not occur in nature. The most common 
naturally occurring isothiocyanate, ally) isothiocyanate (“mustard oil’), existy as its 
glucoside, potassium myricate, CH,»=-CHCH,N=—C(SC,M1.0,)O80,018, in plants of 
the mustard family. Isopropyl, crotonyl, see-butyl, phenyl, benzyl, p-hydroxy- 
benzyl, and 6-phenylethyl (phenethyl) isothiocyanates and cheiroline, CH;SO.- 
(CH»)sNCS, erysoline, CH;8O.(CH2)4NCS, and sulforaphene, CH,8(0O)CH-=-CHCH,- 
CH,NCS, have also been isolated from plant material. Thiocyanates were the first 
synthetic organic contact insecticides to achieve commercial importance and were 
introduced in 1932 (13); their principal uses continue to be in the pesticide field. 
Isothiocyanates are not widely used commercially. See also Cyantdes and eyanogen 
compounds; Phosgene (organic tsoeyanates). 


Properties 
CONSTANTS 


Some physical properties of a number of thiocyanates and isothioeyanates are 
listed in Table I. 


REACTIONS 

Organic thiocyanates and isothiocyanates undergo a variety of reactions that are 
weful in laboratory syntheses, analyses, and characterization. Che following dis- 
cussion is based on the organic thiocyanates, with references to the isothiocyanates 
wherever appropriate. Several review articles on this subject have been published 
(12,18). 

Reactions in which the SCN Group Acts as a Halogenoid. The term halogenoid 
has been used to designate any univalent chemical aggregate composed of tivo or more 
electronegative atoms, that shows in the free state certain characteristics of the halo- 
gens and that combines with hydrogen to form an acid and with silver to form a salt 
insoluble in water (17). The first halogenoid which was isolated (by Soderback in 
1919) was thiocyanogen. It would be expected, therefore, that certain reactions of 
thiocyanates would resemble those of the corresponding halides. The following ex- 
emplify this. 

Replacement of SCN. The decomposition of thiocyanates with alcoholic solutions 
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Compound 














M.p.C. Bop, C. My Sheer. 
Thiocyanates 
CH,SCN 130. 6765 1.468570 1.07442" 
CoH SCN 145, 5756 1.463070 1.01167° 
u-CyESCN 104.5 1.4631% 0.98173" 
iso-Cyl,S8CN 150 
CH.=CHCHLSCN 161 1.0563 
n-CsH BCN 184.79 1.46392 0 .96107° 
iso-CuaH SCN 175.4 
n-CHy SCN gprs 1.462075 
Cy HeaSCN (Lorol) 154-562-5 
n-CigdagSCN 242-49)50 
Ce COOCHICHLSCN? (ethane 60) 160-9002 £.4602% (07620 
CyHOCHLCILOCIRCILSCN (Lethane 384)" 120-25 1-25 1.4657 1.021°° 
CHT; 
me, 

a | “OOCCHASCN® (Thanite) 138-5705 
| CIL.CCH, 
a 
(—-CILSCN )o 90--90.5 
O(CH,CHiSCN).s (Lethane A-70) 140-150" 1.52082 
C.H.SCN 12135 
CeHyCHLSCN 43--48 5 
p-CIC,HSCN 35-36 
p-HOCsSHSCN 53-54 
2,4-(NOoeCoHaSCN (Nirit) 138 
p-FaNCELSCN 57-57 .5 
p-(CHy »NCsHSCN TB-74 
p-CsIL, (SCN )s 108.8 

Tsothionyanates 
CILNCS [£43788 1.5258 1.089372 
CeaH NCS 1815-32785 1.5)4218 1.00318 
n-CglNCS 152,773 1.508518 0.97816 
CHy=CHCILNCS 150 1.529815 1.01615 
n-CillyNCS 164.5-65.374 
n-CsAy NCS 193 .-£ 
CeHiCH.NCS 125% 
CaHsNCS 222708 L.G49228-4 {1 BRI 28-4 
p-CiCENCS ABT 219-50 
p-NO.C\EUNCS 112-13 
p-CoH (NCS )e | 3Q 
J-CnHyNCS 58 








Ha, represents an average. 
' The commercial product is 2 50% solution in refined kerosine. 
¢ Jgoborny] thiocyanvacetate. 





of alkali sulfides is well known and has been used as a quantitative method of analysis 
(4). 
2RSCN + Nas 





>» RS + 2 NaSCN 


The SCN group ean also be replaced with an amino group. Although the reaction 
of thiocyanntes with amines generally takes another course (see p. 71), the following is 


70 THIOCYANATES, ORGANIC 


an example of a replacement in which the halogenoid character of the thiocyanate is 
shown (4): 
2,4-(NOa).CgHiSCN -- Cel IsN He 





> 2,4-(NOz)2CeH;NHCys + SCN 
Quaternization : 
RaN - RSCN ——> [LUN]'SCN~ 


This reaction proceeds best with those thiocyanates in which the SCN group is quite 
labile, for example, benzyl thiocyanate. In quaternizations with 2-chlorocthy! 
thiocyanate, compounds of the type [R;NCHCILSCN |*Cl~ are obtained, 
Isothiuronium Sali Formation. The more reactive thiocyanates, for example, 
benzyl and ally] thiocyanates, react with thiourea to give the isothiuronium (thiuro- 
nium) salts. 
(NICS + RSCN ———> [NIL,C(SR)==NT] SCN - 


Fiffect on Orientation in the Benzene Ring. The nitration of aromatic thiocyaniutes 
has been the subject of several studies. Phenyl thiovyanate gives a mixture of the o- 
and p-nitro derivatives. However, the o-,p-directing influence of the SCN group, 
like that of the halogens, is less than that of the methyl group (4). 

Compounds Analogous to Sulfenyl Halides. Compounds of the type RSC] have 
their counterpart in RSSCN. Sulfur thiocyanates, S(SCN)» and Bu(SCN),, have also 
been described. The addition of arcnesulfenyl thiocyaniates, ArSSCN, to olefins, for 
example, cyclohexcne, has been studied recently (10). The reaction of RSSCN with 
mercaptans and thiophenols to give disulfides, RSSR’, and thioeyanic acid has also 
heen stuclied, 

Compounds Analogous to Acid Halides. Mixed anhydrides of organic acids and 
thiocyanie acid, for example, RC(O)SCN and RaNC(S)SCN, are known but are usually 
less stable than the corresponding acid cliorides. Aga rule, they react as if rearranged 
to the isothiocyanates, for example: 


RC(O)NCS + R'OH ——— RC(O)NTIC(8)OR’ 


Compounds Analogous to Chloramines, A few compounds of the type RNHSCN 
and RiNSCN areknown. They are prepared by thioeyanation of the aliphatic amines. 

Reactions Involving the CN Group. These are the more characteristic reactions 
of organic thioeyanates, 

Reaction with Alcohols. 'Thiocyanates react with alcoholic hydrochloric acid to 
give intermediates which are hydrolyzed to thiocarbamates: 


RSCN + R/OH + HCl ——> RSC(OR’)-=NH.ICl ———> RSCONTE + R/C 


If the hydroxyl group is properly substituted in the same molecule, ring closure may 
occur, This is well known for a-thiocyano ketones (enol form), 2-thiocyanocthanol, 
HOCH.CHSCN, and o-thiocyano phenols, for example: 


ou Ou OH 
SCN PN 8. Jn. 3. 
——— | _O=NH —— | SO-=0 
OTL \ (} NN -=() 


The addition of alcohols to isothiocyanates gives N-substituted thiocarhamates: 


RNCS -++ R‘OH ——— RNIICSOR’ 
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Reaction with Amines (see also p. 69). Primary and secondary amines react with 
thiocyanates to give alkyl- or arylthioformamidines: 
RSCN + R’NIT, ———> RSC(==NH) NHR’ 
Under certain conditions the basicity of the amine can convert the thiocyanate to the 
corresponding disulfide as shown below for alkalies. If the NH is properly substituted 
in the molecule containing the SCN, ring closure to the thiazole results, for example: 


Np _—NU 
5 O=NH 
SCN —s 


The addition of primary and secondary amines to isothiocyanates to give substituted 
thioureas is probably the best-known reaction of isothiocyanates: 
RNCS + R.NH ——-—» RNHCSNR, 
Reaction with Alkalies. Most thiocyanates are converted to disulfides by means of 


alcoholic alkali: 
2RSCN + 2 NaOH -———> RSSR + NaCN + NaCNO + HO 


It is interesting to note that an aqueous solution of sodium thiocyanoacetate, NCSCH2- 
COONa, is stable to long heating. Sodium ethoxide in alcohol solution reacts with 
phenyl thiocyanate to give sodium thiophenoxide, CsH,SNa, ethyl pheny) sulfide, and 
diphenyl disulfide. The mustard oils are hydrolyzed in aqueous alkali and also by 
strong acids to the correspouding amines: 


HzO 
RNCS ——— RNA, 

Reduction. The reduction of a thiocyanate to the mereaptan is a well known but 
little used reaction. Zince-hydrochloric acid and zine-sodium carbonate have given 
good yields: 

RSCN + Hz, ———~ RSH -+ HCN 
Reduction of an isothiocyanate regenerates the parent amine. 
Oxidation. Under somewhat vigorous conditions (for example, with nitric acid) 
organic thiocyanates are oxidized to the corresponding sulfonic acids: 
(0) 
RSCN —-———> RS50,H 
In certain cases bitermediate products can be isolated, for example benzy] thiocyanate 


has been oxidized with chlorine to C;H,CH.S(O)CN. 
Reaction with Halogens. Some study has been given to the following reaction: 


RSCN + 3 Chk + 2 H.OQ ———> RS0.Cl + CICN + 4HCl 
Aliphatic thiocyanates forra sulfonyl chlorides in this manner more readily than aro- 
matic ones. Halogenation of isothiovyanates normally proceeds as follows: 

RNCS + 2Ch ———» RNCCh + 8Ch 
Reactions with Grignard Reagents. The following equations represent the usual 
eourse of the reactions with Grignard reagents: 
RSCN + B’MgBr —— — RSR’ + MgBrCN 
RSCN -+ R’/MgBr + 1IBr ——~> RSE + RCN -+ MgBr, 
RNCS + CH;MgBr ~-——> RNTIO(S)CIL 
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Addition of Hydrogen Sulfide, Reactions with hydrogen sulfide have not been 
studied extensively but are reported to be as follows: 


RSCN + HS ———> RSCSNEIT 
RNCS + TLS ——— (RNE)CS 
Reactions with Polyphenols. Under the experimental conditions of the ZHoesch 
synthesis, thiocyanates give thio esters, for example (16): 
HO OM psoen HO; OL 
‘ COSR 





In the same reaction isothiocyanates give amides of thio acids, Lor example: 


HO? NOH 
CAN ELK. 
Miscellaneous Reactions. Reuckions with Thiocurborylic Acids. Thiobensoie 


acid, for example, reacts with: 

(1) alkyl thiocyanates to give N-benzoyldithiocarbamates: 

CAH SON -+ CyHsCOSIT ———+ ©, }HCON HCSSCLHs 
(2) aryl thiocyanates to give thiol esters: 
G,.HSCN + C,A,COSH ————> CakL,COSCsEL, -- TISCN 
(3) isothiocyanates to give henzamides: 
RNCS + Cy,H;COSH —-——-> RNLICOC.H, + Ga, 

Thiobenzoic acid has been used as a reagent for differentiating these three types of 
compounds. 

Rearrangement of Thiocyanates to [sothiocyanates. Allyl thiocyanates and analo- 
gous compounds rearrange readily at elevated temperatures. Alkyl thiocyanates 
rearrange only upon prolonged heating at high temperatures, and aryl thiocyanates 
are thermally stable (18). 

Polymerization. Thiocyanates do not polymerize readily. The lower alkyl 
thiovyanates have been polymerized at high temperatures in the presence of a trace of 
hydrogen chloride to the trialkyl thiocyanurates (12). The isothiocyanates ean poly- 
merize in a mamner similar to isocyanates, but less readily. Ethylene diisothiocyanate, 
however, polymerizes very readily at room temperature. 

Unique Reactions of Isothioeyanules. The addition of certain alkali salts to iso- 
tlioeyanates gives, after acidification, the following products: 


H+ 
ArNGS + KUN —~—> ArNHC(S)GN 
H . 
RNCS + NaNON -—-—> RNHC(S)NHGN 
. FH 
AINCS ++ NuCH(COOGH;)2 —-— ArNHC(S)CH(COOC;H). 
Analytical Metheds 


The following are the most common methods for the qualitative analysis of thio- 
cyanates (5): (7) heating with alcoholic potassium hydroxide and testing for cyanide 
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ion; (2) heating with aleoholie sodium sulfide and testing for thiocyanate ion; (3) 
treating with thiobenanic acid to give a solid derivative. 

The most common derivatives of an isothiocyanate are the thioureas made by 
reaction with ammonia or amines. 

The official method (8) for quantitative determination of thiocyanates us used by 
the A.O.A.C, is known as the Hlmore method. This involves reaction of the organic 
thiocyanate with an aqueous mixture of potassium disulfide, sodium sulfide, and po- 
tassium hydroxide. The resulting thiocyanate radical is converted to cuprous thio- 
cyanate and analyzed for nitrogen by the Kjeldahl method. Apparently no specific 
method has been devised for the determination of isothiocyanates. 


Preparation and Manufacture 
Several review artieles have been written on this subject (2,6,7,9, 14,18). 
THIOCYANATIS 


Preparation of Aliphatic Thiocyanates. eaction of Alkyl Halides with Inorganic 
Thiocyanates. The most common method for preparing a thiocyanate is the reaction 
of an organic halide with an inorganic thiocyanate: 


RX + MSCN —-—+ RSCN + MX 


Conditions vary with the reactivity of the halide, for example, the reaction proceeds 
in aleohol with chloroacetone at room temperature; 5 hours’ refluxing in aqueous 
alcohol is required with benzyl chloride; 12 hours’ refluxing in water with 2-butoxy- 
2'-chlorodiethyl ether, Cj4H,OCH;CH,OCH,CH,Cl; and 24 hours’ refluxing in methy] 
isobutyl ketone with 2-chloroethyl esters, RCOOCH.CH.ClL Copper powder or 
sodium bromide or iodide may be used as catalyst. The method fails for certain 2,3- 
dihalides or tertiary halides in which the halogen behaves lile free halogen to give only 
the thiovyanogen polymers. In other cases isothiocyanates may be formed (see p. 
75). 
Reaction of Alkyl Sulfates or Sulfonates with Inorganic Thiocyanates : 
(RO)SO. -- 2 MSCN ——> 2 RSCN + MS, 
Ar8O3R -+ MSON ——~> RSON + ArSOsM 
Reaction of Organic Sulfides or Mercaptides with Cyanogen Bromide: 
RSR + BrCN -—-_—~> RSCN + RBr 
RSM -+ BrCN —-—> RSCN + MBr 


This method has been extended to thiophenols, mercapto heterocyclic compounds, 
and thio acids. 
Addition of Thiocyanogen to Olefins: 
—CH=CH— + (SCN) ——3 —CH(SCN)CH(SCN)— 


The scope and limitations of the addition of thiocyanogen to unsaturated compounds 
and its use to prepare N-thiocyano compounds has been carefully reviewed (18), The 
reaction is best known for addition to olefins to give the corresponding dithiocyanates, 
and a method of analysis known as the thiocyanoyen value has been based on this (see 
Val. 6, pp. 156, 229). 

The Addition of Thiocyanic Acid to Olefins: 


—CH==CH— + HSCN ——> -—-CH,CH(8ON)—- 
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The olefin and an aqueous solution of an alkaline thiocyanate are stirred and a mineral 
acid slowly added. If the olefin is not readily reactive the thiocyanie acid which is 
generated is converted to perthiocyanic acid, Hs8,;CeNe. In many cases the isothio- 
cyanates are formed (see p. 75). 

Preparation of Aromatic Thiocyanates.  7'héocyanation of Aromatic Nuclei. ‘The 
direct replacement, of a hydrogen atom by a thiocyano group is commonly termed thio- 
cyanation. This reaction has been applied to aromatic compounds possessing an 
activated nuclear position, such as primary, secondary, and tertiary amines of the 
benzene, naphthalene, and anthracene series; phenols of the benzene and naphthalene 
series; and a few hydrocarbons and heterocyclic compounds such as anthracene, 
benzanthracene, and pyrrole (18). Free thiocyanogen or even thiocyanogen chloride, 
CISCN, may, of course, be used, but the more general practice is bo use thiocyanogen 
generated in the solution in one of several ways: (7) by the action of chlorine or bro- 
mine on a metallic thiocyanate, preferably in a neutral solvent such as alcohal; (2) by 
the use of N-chloroamides on metallic thiocyanates; (8) by the use of cupric thiocyanate: 
2 Cu(SCN).>2 CuSCN + (SCN):; (4) by the action of hydrogen peroxide on thic- 
eyanic acid; and (4) by the electrolytic oxidation of an inorganic thiocyanate. 

Replacement of Diazontum Groups with SCN (Sandmeyer Reaction). The replace- 
ment of a diazotized NH, group with SCN by means of cnprous thiocyanate gives 
satisfactory results: 


CglI,;N2tCl- + CuSCN ———> GyH,SCN -- Na -- CuCl 
Reaction of Sulfenyl Compounds with Cyanides: 
RSSO,Na + NaCN —— RSCN + Nad0, 
RSCl -+ NaCN(or HON) ———> RSCN + NaCl (or f£Cl) 


These methods have been largely used for the preparation of aromatic thiovyanstes 
since the starting materials are more generally available for these. However, certain 
aliphatic thiccyanates have alsu been made this way, for example, trichloromethyl 
thiocyanate, CLCSCN. 

Manufacture of Thiocyanates, The commercial organic thiocyanates (given 
with their trade names) in Table I (see also Vol. 7, p. 899) are all made by the meta- 
thetical reaction between an organic halide and a metallic thiocyanate. The process 
for Lethane 60 is described as an example of industrial practice. 

In a typical run, a mixture of 7,000 lb. of coconut oil fatty acid and a 80° excess 
of phosphorus trichloride was treated at room temperature. The bottom layer of 
phosphorous acid was drawn off. A 3-4% excess of cthylene oxide was added to the 
top layer. The mixture was warmed to 150°C. and eoncentrated under vacuum to 
give about 9000 Ib. (98-99% yield) of chloroethyl “eoconate.”’ A mixture of 5250 Ib. 
of this ester with a 20% excess of anhydrous technical sodium thiocyanate was ad- 
justed to a pH of below 7 with niter cake and then heated with agitation at 128°C. 
for 20-30 hours to effect the conversion to the thiocyanoethyl coconate. The course of 
the reaction was followed by refractometry. When the conversion was complete, 
the mixture was diluted with press-wash-refined kerosine and washed three times with 
water, brine being added when necessary to effect a clean separation. ‘The organic 
layer was then decolorized by treatment with carbon for an hour at 85°C. and passed 
through a filter press. The press cake was washed with kerosine and the recovered 
washings (press-wash kerosine) were used in the next batch. The decolorized product 
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was concentrated under vacuum to remove volatile impurities, refiltered to remove last 
traces of solids, and finally diluted with refined kerosine to 50% vol./vol. to produce 
about 1000 gal. of Lethane 60. 


ISOTHIOCYANATES 
Decomposition of Dithioearbumates. A common method of preparation is the con- 
version of the dithiocarbamate derived from a primary amine to its heavy-metal salt 
(for example, the lead, copper, iron, or zine salt) and heating the salt to the decomposi- 
tion point: 
RNHCSSM ———> RNCGS + MHS 


Tt is often more convenicnt to treat an alkaline dithiocarbamate of a primary amine 
with an alkoxycarbony! chloride (a chloreformic ester) and then thermally decompose 
the product. The latter decomposes at a lower temperature than the metal! salts and 
the reaction proceeds more smoothly. 





heat 
RNHCSSM + CICOOR > RNHCSSCOOR ae RNCS + COS + ROW 


Reaction of Amines and Thiophosgene (Thiocarbonyl Chloride). Amines react 
with thiophosgene to give isothiocyanates: 


RNI; + CSCh —-——> RNCS + 2 HCl 


Cleavage of thioureas. Aromatic isothiocyanates have been made by the action 
of various agents (iodine, phosphorus pentoxide, acetic anhydride, hydrochloric acid, 
phosphorie acid, dilute sulfuric acid) on symmetrical diarylthioureas: 


Te 
(ArNH),CS ———> ArNCS 


Rearrangement of Thiocyanates, Thermal rearrangement of thiocyanates gives 
isothiocyanates; zinc chloride may be used asa catulyst: 


. hent 
RSCN —~— RNCS 


This method works best with allylic thiocyanates, and ally] isothiocyanate itself is so 
produced on a limited scale. In some cases, the isothiocyanate is the product isolated 
from the reaction of an organic halide with a metallic thiocyanate. However, no 
general rule is applicable, for example: 


2,4-(NO2)>ColHCl + MSCN ———> 2,4-(NO2»CaH;SCN -+- MCI 
2,4,6-(NO2)sCeH2Cl + MSCN ———> 2,4,6-(NOo)sCsHLNCS - MCI 


Addition of Thiocyanie Acid to Olefins. In some reactions in which thiocyanic acid 

‘is generated from a metallic salt in the presence of an olefin, an isothiocyanate is ob- 

tained in which the —-NCS group is attached to the most highly substituted carbon 

atom. The reaction gives the isothiocyanate exclusively when tertiary olefins 
having 6-9 carbon atoms are used: 


RyC==CH, ———> ReC(NCS)CII; 
Lower olefins give a mixture of thiocyanate and isothiocyanate; higher olefins, which 
may contain both reactive and unreactive double bonds, give low yields. Other ole- 


fins which contain actived double bonds, such as dicyclopentadiene, styrene, and mes- 
ityl oxide, usually give good yields of the isothiocyanates. — 
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Addition of Sulfur to Tsocyanides. Vhe isocyanides, RNC (see Vol. 9, p. 872) 
and sulfur react above 100°C, to form isothiocyanates, 


Toxicology 


The oral toxicity of the alkyl thiocyanutes as measured in rats decreases as the 
series is ascended, ranging from an T.Dy» of 60 mg./kg. for the methyl analog to 1250 
mg./kg. for the lauryl compound. The commercial thiocyanates that are used in fly 
sprays have low oral toxicities with LDjo’s of 400-1250 mg./kg. They are dangerous, 
however, when applied to the skin in doses of 500 mg./kg, The aliphatic thioeyanntes 
ure paralytic poisons acting on the central nervous system. ‘The lower homologs re- 
lease hydrogen cyanide in the body, thus giving a cyanide effect. Since thiocyanate 
ion appears in the urine as a detoxification product of cyanide, 1b 1s considered that the 
body can excrete stublethal doses of thiocyunates (3), 

The isothiocyanates in general are toxic and are irritating to the skin, 1-Naph- 
thy] isothiocyanate caused an outbreak of dermatitis (15), and repeated administration 
to guinea pigs both by injection and by feeding enused liver damage (11). 


Uses 


Many examples of the usefulness of organic thiocyanates us solvents, antioxt- 
dants, und anticorrosives are given in the patent literature. Cyanomethyl, methylene, 
ethylene, and trimethylene thiocyanates are claimed as solvents for polyacrylonitrile 
(25). Organic thiocyanates in photographic processing solutions are also stated to in- 
crease the rate of penetration of a polyvinyl resin photographic layer. Alkyt thiocya- 
nates are described as stabilizers for chlorinated hydrocarbous, thiocyauoneetone is 
stated to inhibit the deterioration of paper, and alkyl and aryl thiocyanates are soap 
preservatives. Butyl thiocyanate, triphenylmethyl thiocyanate, and 1-naphthyl- 
diphenylmethyl thiocyanate stabilize lubricants against oxidation (28). Various 
halogenated organic thiocyanates are also stated to help lubricants withstand extreme 
pressures. Alkyl, aryl, and aralkyl thiocyanates protect metallie surfaces against 
acid in both degreasing and pickling operations (20), 

Nitro-substituted aromatic thiocyanates are stuted to modify the emulsion 
polymerization of, for example, butadiene-styrene. Compounds such as stewramido- 
methyl thiocyanate (V-thiocyanomethylstearamide) and N,N’-methylenebis(stear- 
umidomethyl) thiocyanate are claimed to give a soft hand, superior fastuess, ind 
water repellency to various textile materials (24). 

Many thiocyanates have been claimed to have insecticidal, fungicidal, bactericidal, 
and herbicidal properties, A few of these (Lethane 384, Lethane 60, and Thanite; see 
Table I) enjoy commercial use as insecticides today, particularly as toxicants in 
fly sprays (18,19,21,22). WNirit is a commercial agricultural fungicide which was de- 
veloped in Germany (see [nsechetdes), 

Like the isocyanates, the monoisothioeyanates have been cited in the patent litera- 
ture as being useful for modifying plastics, and the polyisothiovyanates have been 
claimed for modifying resins to improve adhesion and for reacting with difunctional 
compounds to produce fibers. In these applications, however, the isocyanates have 
generally been the compounds of choice. (See Phosgene (organic tsocyanates).) 
Allyl isothioeyanate has been reported in the patent Hterature to he effective as a 
pickling inhibitor in acid, as an antioxidant in lubricating oils, and ag a preservative 
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in fruit juices, wines, and soy sauce. Various isothiocyanates have been stated to have 
bactericidal, fungicidal, and insecticidal properties. Phenyl, o-tolyl, p-methoxy- 
phenyl, m-nitrobenzyl, and xeny] isothiocyanates have been suggested as reagents for 
amines. 
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THIOGLYCOLIC ACID 


Thioglycolic acid (thioglycollic acid, more systomatically called mereaploacetic acid 
or mercaptoethanoie acid), HSCH.COOH, formula weight 92.11, is the sulfur analog 
of glycolic acid (q.v.) and is the simplest member of the group of mereapbo carboxylic 
acids. 1+ is a colorless hiquid, possessing a faint sulfurous odor. 1t was identified in 
1862 by Carius, who prepared it by reacting potassium hydrosulfide with potassium 
chloroacetate. Its primary use is in the form of its salts as a compouent of hair- 
waving and depilating compositions. 


Properties 


Constants. Pure thioglycolic acid has the following physical properties: m.p., 
16.5°C.; bes, 123°C. 3 bs, 90°C.; d??, 1.3253; heat of combustion, 3.16.8 kg.-cal./mole, 
The acid is miscible with water, methanol, ethyl alcohol, acetone, ether, chloroform, 
and benzene, but it is practically insoluble in petroleum ether. 

Both the carboxyl group and the mercapto (sulfhydryl) group of thioglycolic 
acid possess acidic properties. The dissociation constants at 25°C. are 2.14 * 1074 
and 2.1 &* 107-', respectively. 

The e.m.f. of the system thioglycolie acid — dithiodiglycolic acid (sce p. 82) in 
0.1 N HCI is 0.238 v. (3). Polarographically, thioglycolie acid yields two waves 
having half-wave potentials of 0.295 and -~0.025 v. at pI 0. The potentials vary 
with pI (16). 

Reactions. Thioglycolic acid undergoes the reactions typical of both carboxylic 
acids and mercaptans (q.v.), forming salts, esters, amides, etc, (see “ Derivatives’). 
It is also subject to self-esterification, leading to S-thioglycoloylthioglycolic acid, 
TISCH,COSCH,COOH, 1,4-dithioglycolide, 8.CIb.CO.8.CT.CO, and  polythio- 


glycolides of the linear, HS[CH2COS],CII,COOH, and cyelic, [CH,COS],, types. 
The dehydration reaction proceeds less readily in the case of thioglycolic acid than in 
the case of glycolic acid and occurs extensively only if a dry inert gas is passed through 
the acid heated to 120°C. (18). Hlowever, seli-esterification takes place to some ox- 
tent even at room temperature when 75% or more concentrated acid is stored in a 
closed vessel. The relative concentration of free acid to polymers appcars to be a 
function of the total acid concentration in the solution (see Table I (14)). Although 
the self-esterification can be reversed readily im the presence of dilute acids or alkalies, 


TABLE I, Loss of Thioglycolic Acid Through Self-Esterificalion in Aqueous Solutions at Room 








Temperature. 
Original ~~ Vin ee es 
beeen bration concentration, Time of 
% M.e./g. M.u./g. Change, % storege, days 
9715 10.56 9,50 10,01 288 
94.58 10.28 9.3] 9. 4-1 846 
91.08 9.90 9,26 6.46 283 
86.20 9.37 8.96 4.37 283 
84.18 9.15 8.96 2.08 346 
82.16 §.98 $62 3.Az 283 


73.04 8.01 7.92 ois 


OG 
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thioglycolic acid is marketed as a 70% aqueous solution rather than the more concen- 
trated product obtainable by vacuum distillation. 

One of the more important and most widely used reactions of thioglycolic acid is 
that with disulfides, particularly cystine, in proteins such as wool and hair (7). It 
reacts reversibly with cystine, especially at elevated pH’s, the equilibrium constant 
being of the order of magnitude of 1 (2): 





2 HSCH,COOH + HOOCCTI(NH,)CH.SSCH.CH(NH2COOH 
thioglycolic acid cystine 
2 HOOCCH(NH,)CILSH + HOOCCH.SSCH,COOIL 
cystcine dithioglycolic acid 





The rate at which equilibrium is cstablished is a function of pH: slow at pH’s below 
(and rapid at pIl’s between 8 and 10. 

Thioglycolic acid and especially its alkaline aqueous solutions are rapidly oxi- 
dized by air to the disulfide, dithiodiglycolic acid, or salts thereof in the presence of 
small amounts of copper, manganese, or iron (19). Mild chemical oxidation (for 
example, iodine) also leads to dithiodiglycolic acid, whereas more vigorous oxidative 
conditions (for example, dilute nitric acid) produce sulfoacetic acid, HOsSSCH.2COOH. 

Thioglycolic acid readily forms mercaptals (¢.v.) and mercaptoles with aldehydes 
or ketones. 

Upon treatment with thiocyanie acid, thioglycolic acid is transformed into rho- 
danine, CH:.CO.NE.CS.8. With acetyl chloride thioglycolic acid yields S-acetyl- 





thioglycolic acid, CHs,COSCH,COOH, bi 158-59°C. In dilute alkali, thioglycolic 
acid reacts with alkylene dihalides to yield the corresponding 8,S-alkylenehisthio- 
elycolic acids. 

Toxicity. Thioglycolic acid is a stronger acid than acetic acid and produces 
irritation if it comes in contact with abrasions and sores of the skin. Although short 
contact of the acid or of its solutions with unbroken areas of the skin is generally not 
harmful, such contact should be avoided by wearing protective rubber clothing and 
safety gogeles. 

Neutral or slightly alkaline solutions of thioglycclates are less irritating than 
solutions of the free avid. The mildness of alkaline thioglycolate solittions is indicated 
by the fact that cold-wave lotions are widely used without deleterious effects (5,8) 
and are considered safe for general use (1). 

Animal studies indicate that thioglycolic acid taken internally is toxic in dosages 
larger than approximately 0.15 @./ke. (EL). 


Preparation 


Thioglycolic acid is preparecl commercially by the reaction of sodium chloroace~ 
tate with sodium hydrosulfide in an aqueous medium. Thiodiglycolic acid, dithiodi- 
glycolic acid, and glycolic acid are the principal side products. After acidification, 
thioglycolic acid is extracted from the reaction mixture into ethyl ether or other suit~ 
able organic solvents and purified by vacuum distillation. 

An alternate method of manufacture involves the hydrolysis with dihite sulfuric 
acid of an alkali salt of thiosulfatoacetic acid, HOSSCH.COOI (a Bunte salt; 
see pp. 110,113), formed by the reaction of an alkali chloroacetate with an alkali Lhio-~ 
sulfate (23a). The hydrolysis mixture is then reduced with zine to yield thioglycolie 
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acid, which may be extracted with a solvent. 1 has been suggested (4) that thio- 
glycolic acid can be prepared conveniently by hydrolysis of the guanidonium salt: 


NA, 
CICH,COONs + TIN.CSNE.: 7 SOSCHCOOU “+ NaC] 
2 
NIT cane 
SCSCHCOOH + NH; ———> [NU.C(==NH,)NHg} *LHSCHACOO]- 
Thioglycolic acid ean be prepared by treating chloroacetic acid with an alkali 
polysulfide and reducing the resulting dithiodiglycolic acid with zinc dust (24). A. 
solution of glycolic acid will react with hydrogen sulfide in the presence of silver oxide 
to yield thioglycolic acid, thiodiglycolic acids, and other products. 


Market Forms and Standards 


‘Thioglycolie acid is offered today primarily as the 70% aqueous solution. lt is 
obtainable also as he 95-L00% acid. The ammonium sait is available in the form of a 
55-65, aqueous solution. 

Seventy per cent thioglycolic acid or the solution of the ammonium salt is gener- 
ally shipped in 18-gal. glass carboys. The ammonium salt is also frequently shipped 
in 55-gal. aluminum drums. A warning label is usually affixed: “Warning! May 
Cause Burns. Avoid Contact With Skin, Myes, and Clothing.” 

Standards for cosmetic-prade thioglycolic acid and ammonium thioglyeolate are 
listed in Table IT (3). 







Ammonium thioghyeolate 
Miseible with ethyl aleohol and 
hol, ether, and water water; immiscible with ace- 


tone, bengene, chloroform, 
and ether 


Solubility 


Color Colorless to light yellow — 
Ash 0.05% max, 0.05% max, 
Thioglyeolic avid 65-75% 45-55% as thioglycolie acid 
Dithiodiglycolic acid 2% max. 2% max. 
Tron, copper, lend, Il p.p.m. max, each 1 p.p.m. max, cneh 
arsenic 
Turbidity A 10% aqueous solution (based on 


thioglycolic acid) must not show 
any Lurbidity 
Odor Acceptable 


Acceptable 





Analysis 


Identification. Thioglycolic acid forms a violet-purple color with sodium nitro- 
prusside, Naa[Fe(CN);NO].2H,0, in dilute ammoniacal solution. A neutral solution 
of the acid yields a transient blue color with ferric ion, whereas an ammoniacal solu- 
tion produces a deep red-violet color with ferric iron. With eadmium ion in dilute 
acetic acid solution, thioglycolic acid forms a white gelatinous precipitate soluble in 
ammonium hydroxide, With nitrous acid, thioglycolic acid yields a colored nitrosyl 
mereaptide (15,21), These reactions are not. specific for thioglycolie acid but. rather 
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are typical for most mereaptans. The simplest derivative for identification of thio- 
glycolic acid is dithiodiglycolic acid (sce p. 82), melting at 108-9°C. 

Determination. In the absence of othe reducing agents or interfering substances, 
thioglycolic acid may be determined directly by titration with standard iodine after 
acidification with hydrochloric acid (11). The total acidity of solutions of thio- 
glycolie acid is determined by titration with standard allali to pH 6.7-7.0. The acid 
is generally considered pure if the concentration determined iodometrically is equal to 
that determined acicimetrically. 


Uses 


Salts of thioglycolic acid are used successfully for the cold-waving of -human hair. 
The active ingredient of most modern hair-waving lotions is 5~9% ammonium thio- 
glycolate (84,28) adjusted to a pH between 8.6 and 9.6 with ammonium carbonate 
or hydroxide. Primarily, the cold-waving lotion appears to reduce part of the cystine 
(S—8) groups present in hair to cysteine type (SH) linkages. This reaction is then 
followed by a series of complex physical and chemical changes (23) during which the de- 
sired curl is “fixed” in the hair. Re-formation of cystine linkages in hair and removal 
of excess thioglycolic acid is aceomplished generally through chemical oxidation by 
hydrogen peroxide, perhorate, or bromate (27) or simply through air oxidation in the 
presence or absence of a catalyst (26). See also Shampoos, Vol. 12, p. 239. 

Salts of thioglycolates, especially those of nonvolatile alkalies, adjusted to pH’s 
between 10 and J] are used extensively as depilating agents (20). Calcium thio- 
glycolate is widely used for this purpose. Thioglycolates have been used for some 
time for the dehairing of hides (25), 

The physical and chemical properties of wool (g.0.) may be altered by reduction 
of cystine groups in wool by alkaline thioglycolates, followed by alkylation of the cys- 
teine formed with alkylene cihalides. Wool treated in this manuer shows greater 
resistance to the action of alkalies, acids, and oxidizing and reducing agents and is 
attacked less readily by moths and carpet beetles (6). See also “Mothproofing of 
wool” under Teatile technology, Vol. 18, p. 908. 

Tt has been suggested recently that thioglycolic acid converts rubbery hydrocar- 
bons to derivatives possessing resistance to the solvating action of liquid hydrocarbon 
solvents (29). 

The color reaction between thioglycolates and iron salts is the basis of a sensitive 
qualitative test for iron. This reaction has also been adopted for the quantitative 
determination of iron. 


Derivatives 


Derivatives of thioglycolic acid may he lormed by reactions involving the mercap- 
tan group or the cai boxy! group of the molecule or both. 


BY MODIFICATION OF THI MERCAPTAN GROUP 
Simple Thicethers (21). Simple thicethers are generally formed by treatment 
of a sodium mercaptide, RSNa, with sodium chloroacetate. The physical constants 
of some of these ethers have been studied thoroughly (see Table ITI) (12). 
Thiodiglycolic Acid. Thiodiglycolic acid (thiodiglycollic acid, thiodiacetic acid, 
thiodiethanoic acid), HOOCCH.SCH.COOH, formula weight 150.15, is a white solic, 
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TABLE HI. Physical Properties of Thiocthers of Thioglycolic Acid. 

Thio ether B.p., PC. Mup., PC. a3 “ K X 104 
Methyl (80-13 Lar — [ 233 1.495 1.92 
thy! 117-118, — 1.518 -— 1.83 
n-Propyl 13215 — 1,109 1.483 1.68 
Isopropyl 128 _ — — 1.9 
n-Butyl 140 hin 15 —_ £.063138 1.17802 1, Bel 
Phenyl — 60 _ — 3.00 
Benzyl _ G+ — — L.87 
Triphenvimethyl ——~ 162 — — 0.48 


m.p. 129°C. Tts ionization coustanis are reported as Ay = 4+. % 1074 and Ky = 
3:5 X 10. Thiodighycolie acid is formed, together with some thioglycolic acid and 
dithiodiglyvolic acid, in the reaction between sodiwm sulfide and sodium chloroacetate 
(see p. 79). 

Dithiodiglycolic Acid.  Dithiodiglycolic acid (dithiodiglycollic acid, dithiodiacetic 
ackl, dithiodiethanoie acid), HOOCCHSSCH.COOH, formula weight 182.22, is a 
white solid, m.p. 108-109°C, Its ionization constants are reported as Ay = 6.5 & 10-4 
and K, = 5.2 x 10-, 

Asa disulfide, dithiodiglycolic acid cau be reduced to the mercaptan, thiogly colic 
adil, with zinc amalgam, tin aud acid, sodium amalgam, or electrolytically, Dithio- 
diglycolic acid undergoes other typical reactions of a disulfide (see Vol. 13, p. 300), 
forming a sulfenate and thivglycolate with alkalies (17), a thiocyano derivative and 
thioglycolate with cyanides, and a thiosulfate (Bunte salt) and thioglycolate with 
sulfites or bisulfites (19): 


(OOCCILSSCH2COO)2~ + 2OH~ (QOUCILSO)2> + (OOCCLLS)2> -+ ILO 
(OOUCILSSCH,COO)?> + CN~ === (QOCCELSCN)~ + (QOCGILS)~ 
(OOCCHLSSCIE,COO)®~ + SO === (OOCCIRSS0n)2> + (OOCCILS)2- 








The reaction with sulfites has been utilized in the preparations of cold-waving lotions 
(81). Ammonium dithiediglycolate has also been used in thioglycolate waving lo- 
tions. 

Dithiodiglycolic acid is prepared by mild oxidation of thioglyeolic acid or by re- 
action of sodium disulfide with sodium chloroaccetate. 


BY MODIFICATION OF THE CARBONYL GROUP 


Salts Ammonium thioglycolate, NIVQOCCHASH, formula weight 109.15, may 
be obtained in prismatic erystals by passing dry ammonia into an ether solution of 
thioglyeolic acid. Tt is available commercially as a 55-65% aqueous solution and is 
used for the preparation of cold-wave lotions. 

Sodium thioglycolate, NaAQOCCH.SH, formula weight 114.10, has been available 
commercially as a 40-45% aqueous solution and as a dry white powder for use in cold- 
wave lotions and depilatories. 

_ Esters. With the exception of ethyl thioglycolate, the simple esters of thio- 
glycolic acid have not been described extensively. Mthyl thioglycolale, HSCH..COOCSLHs, 
b, 156-158°C.; by, 55°C.; dif, 1.0964, is an unpleasant smelling material that may 
be prepared from thioglyeolic acid and ethyl alcohol in the presence of sulfuric acid. 
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Tsooctyl thioglycolate, by;, 125°C.; d®, 0.9736, is available commercially for use as a 
plasticizer, 

It has been suggested recently that addition of ethyl thioglycolate or higher- 
molecular-weight esters of thioglycolic acid to polysiloxane lubricating fluids (sce 
Selicones, Vol. 12, p. 401) will assist in increasing their load-carrying properties (30), 

Amides. The substituted amides are generally prepared by reacting the amine 
with chloroacetic acid and ammonium thiocyanate. The product of this reaction is 
then hydrolyzed to the desired amide (22). The amides of thioglycolic acid may also 
be prepared by treatment of the ethyl ester with ammonia or an amine. 

Thioglycolic acid anilide (2-mereaptoacetanilide), HSCHsCONH C,H, formula 
weight 167.21, m.p. 110.5-11°C., is a sensitive reagent for the detection of cobalt (22). 

Thionalide (2-mercapto-N-2-naphthylacetamide, “thioglycolic-8-aminonaphtha- 
lide”), HSCH,CONTI CH, formula weight 217.28, m.p. 109-9.5°C., is used for the 
determination of arsenic, antimony, bismuth, calcium, copper, lead, mercury, rhodium, 
rutheniwy, silver, and thallium (22), 


e 
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THIOINDIGO, 8.C,Hi.CO.C:C.CO.CsH.8; THIOINDIGOID DYES. See Lndigoid 
L —_lok 1 .—l 





dyes, Vol. 7, p. 823; Pigments (organic), Vol. 10, p. 678. 
THIOKETONES, R.CS. See Sulfur compounds, organic, Vol. 18, p. 4-2. 
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THIONES, ReCS. Sce Sulfur compounds, organic, Vol. 18, p. 442. 


THIONIC ACIDS 


Thionic acids have the composition HLS,O.; in polythionie acids, as the term is 
usually understood, n>2. The anions $,O¢7 with = 2-6 are stable and well known; 
anions with a higher content of sulfur with x up to 10 have also heen deseribecl (73,86). 

Monothionic acid, HSOg, is the first unstable oxidation product of hydrogen sul- 
fite, HSOS. Monothionic acid polymerizes rapidly to form dithionie seid, HedsO¢. 
Monothionic and dithionic acids are not classed with the polythionic acids, because 
H8205 has no direct genetic relation to the acids containing greater proportious of 
sulfur CHLSyO<,, trithionic acid; HeSyO., tetrathionic acid; Hy8,;O5, pentathiouie acid: 
ad HeSsO6, hexathionic acid) and differs greatly from them in chemical properties. 
The truc polythionic acids ean be formed by reduction of sulfurous acid, are all casily 
convertible tite one another, and are very similar i their properties, The dithionate 
ton, in contrast to polythionate ions, is stable in alkaline solution, while it decomposes 
into sulfurous and sulfuric acids in acid solution. 

Dithionie acid was first prepared by Gay-Lussac aud Welter in 1819. [ven earlier, 
in 1812, the first indication of the existence of the polythionic acids was found by 
Dalton in the action of hydrogen sulfide on aqueous solutions of sulfurous acid. In 
this solution-~Wachkenroder's iquid—Wackeiroder in 18-46 found the acid H.8;05 
and Debus in 1888 found the acid Ha8)O>, along with HeS30,5 (discovered by Langlois in 
1840), and FL.8,05 Gound first by Fordos and Gélis in 1842). The chemistry of the 
thionie acids was examined later mainly by Bassett, Foerster, Foss, Goehring, Hansen, 
KXurtenacker, Riesenfeld, Stamm, and their students. 

Polythionie acids are found in nature in minor quantities in the water of certain 
lakes aud springs from sulfur-containing volcanoes ([Gb). Pelythionates are also 
farmed in the soil during the oxidation of elemental sulfur by bacteria (46), The use 
of polythionates as agriculttmal fungieides and for dermatological and vosmetic ap~ 
plications has been suggested. . 


Dithionic Acid 
PHYSICAL AND CHEMICAL PROPERTIES 
Anhydrous dithionic acid, H.8205, is not known. The aqueous solution can be 
concentrated to u specific gravity of 1.35 at room temperature; more concentrated 
solutious decompose rapidly into sulfur dioxide and sulfuric acid even at room tempera- 
ture. Dithionic acid in aqueous solution is a strong dibasic acid. Dithionates of the 
alkali and alkaline carth metals are stable in the anhydrous state at room temperature; 
at higher temperatures they deeompose into sulfur dioxide aud metal sulfates, Other 
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metal dithionates are more or less stable, depending on the metals (9). Aqueous solu- 
tions of the metal dithionates can be refluxed for hours without decomposition. 

From x-ray studies and general physical and chemical data, the structure of the 
dithionate ion has been shown to be [O;5S—SO,]*-, with an S—S bond distance of 
2.08 A. and S—-O distance of 1.50.4. (1,91), 

Aqueous solutions of dithionic acicd decompose according to the equation: 


TLS. ———— TSO, + SO2 (1) 


The decomposition is speeded up by hydrogen ions (4,10), as well as by heavy water 
(7), alcohols, glycerol, or acetone (8), and by raising the temperature; it is slowed down 
by addition of neutral salts (6). Oxidizing agents react with dithionic acid only when 
the conditions are suitable for decomposition; therefore, they must react with the sul- 
furous acid formed. Likewise, reducing agents like ‘naseent’’ hydrogen react with 
dithionic acid only insofar as decomposition, that is, formation of sulfur dioxide, takes 
place. 


PREPARATION 
Dithionic acid and its salts ure obtained by oxidizing sulfurous acid or hydrogen 
sulfites with oxidizing agents that do not react too fast with HSOj, or by electrolytic 
oxidation. Especially suitable oxidizing agents are manganese <lioxide (5) or per- 
munganate in a weak acid medium, cobaltie hydroxide, aud peroxymonosulfuric acid, 
H.S0;. The radical monothionic acid, HSO, (8), is formed first. The proportions of 
dithionate and sulfate formed with various oxidizing agents have been studied (2). 


Polythionic Acids 
PHYSICAL AND CHEMICAL PROPERTIES 


Polythionic acids are not kuown in the anhydrous form, but exist only in aqueous 
solutions that can be concentrated 1o a sirupy consistency. These solutions are un- 
stable and decompose more or less rapidity dependiug on the pH of the solution. The 
solutions become more unstable as the temperature and concentration are increased. 
All polythionic acids are contained in a Wackenroder Liquid that can he concentrated 
in a vacuum to a specific gravity of 1.6, that is, to a content of about 60% polythionic 
acid (mainly pentathionic acid). The polythionic acids are stronger than sulfuric 
acid (58,59). They are the dispersing and stabilizing parts of true hydrophilic sulfur 
sols (88). 

Among the salts, normal alkali, ammonium, aud alkaline earth polythionates have 
been prepared (31,40,65,73,79,84,89); ‘normal iron(II) and ziuc polythionates (17,18) 
are also known. No acid salts are known. All the salts are easily soluble in water. 
The alkali salts are insoluble in alcohol, whereas ‘some of the heavy-metal salts are 
soluble in alcohol. The solutions are neutral, and, if pure, are relatively stable. 

Hsters of trithionic and tetrathionic acids have been prepared by Foss (31,34). 

Structure and Physical Constants. Blomstrand and Mendeleev in 1870 proposed 
formulas with unbranched sulfur chains for polythionate ions; these also give the best 
agreement with the J, spectrum of sulfur in these compounds (20), Structure 
determinations by means of x-rays were made on K28;O, (91), NasSyO..2H2O, (NH,)2- 
SuQe, Rh Sig (35), BaS,0,.2FLO (36), RhSsQe, Cs850q, and BaS;0,.2H:0 (37), 
According to the structural investigations of Zachariasen on K28,0.5, the S;0;7 ion 
exists in the form of a zigzag formed by three,sulfur atoms. ‘Two of the sulfur atoms 
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of $,0;7 are each tetrahedrally surrounded by 3 QO and US, the two tebrahedra having 
in common the corner oceupied by the 8 atom; the angle at the center sulfur is 108°, 
and the distances are SS 2.15 A. and S--O 1.50 A. [n 84097 and 8,0§7, aecording to 
Toss, unbranched sulfur chains are also present. In the pentathionate the configura- 
tion of the sulfur chain is wulogous to the positions of 6 sulfur atoms in the orthorhom- 
bic 8s ring of sulfur (87), Joss found the angle at Lhe middle sulfur atom SG) to be 
106° and at the tio adjacent § atoms 108°. The distance 5—-O in S505 was found to 
he 1.43 A., the distance betaveen the two adjacent sulfur atoms S(1)—8(2) 2.14 A,, 
and the distance §(2)---S(3) 2.05 A. 

Polythionate ions have a characteristic Raman spectrum (19). The x-ray emis- 
sion spectrum of the sulfur in the polythionates contains a A, doublet, indicating that 
there ure sulfur atoms of different oxidation states, that is, sulfur of about the same 
electronegalivity as in sulfate in addition to sulfur of about the electronogitivity 
of clementary sulfur. 

“hemical and physical studies (16a,37a,37b) indicate structures containing sul- 
fite and thiosulfate groups attached Go sulfur: 
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The clectrie conductivity of tetrathionie acid at 25°C, isk, = 843 mhog, aceord- 
ing to Ostwald, aud 864.2 mhos according to Hertlein. Lhe velocity of migration of 
the anions is: £48,0§7 = 77.5, 1o8i037 = 71.7, and '68,037 = 63.3. The heats of 
formation from the elements aro 270.1 ke.-cal. for HeSy0O.aq., 260.8 ke-cal. for 
HS,04.aq., and 251.5 ke.-cul. for He8,0% (11). 


REACTIONS 

Decomposition of Polythionates in Aqueous Solution. Polythionate ions in 
aqueous solution are stable for only a short time; they undergo spontaneous decom- 
position, finally forming sulfite, sulfate, and thiosulfate, and, in the case of higher 
polythionates, also sulfur. The apparently unpredictable behavior of the polythion- 
ates on hydrolysis becomes at least in part understandable if it is considered that the 
reactions of formation (eqs. 29-82) (see p, 89) are reversible under the influence of 
nucleophilic reagents (32,45,53). 

Trithionate decomposes slowly in acid and weakly alkaline solution according to 
equation (2). Potassium trithionate (0.1 Af) decomposes 55% within 28 days at room 
temperature. This reaction is to a large extent independent of the pH of the solution. 
At 40°C, and at a pH of 0.5-13, a 0.13 MW solution of potassium trithionate decomposes 
50% within 27 hr., and at 50°C. within 24 hr. (42,74). At higher concentrations of 
alkali (pH > 18) reaction (8) takes place (71). 


83087 + Hx ~-—- > 82.037 + SO}> -- 2 T+ (2) 
28,037 -- 6 OM ———+ §,03- + 4 SO%- + 3 H,O (3) 
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Polythionates with more than three sulfur atoms per molecule are more stable to 
acids, but less stable to alkali solutions, than trithionate. In acid solution tetra- 
thionate and a mixture of tetrathionate and pentathionate can be stabilized by the 
addition of traces of cupric salts (120). The cupric salts presumably prevent the for- 
mation of catalytic thiosulfate and sulfite (eqs. 12, 18). 

Tetrathionate at pF. 8.9 and 50°C. decomposes according to equation (4) (69,74); 
at pH 11.5 (0.5 N ammonia solution) or in » 0.5 N solution ef sodium carbonate re- 
action (5) takes place (49,71); and on longer treatment with alkali solution reaction 


(6): 


2 5,0}7 ———> 8,06- + 8,037 (4) 
48,02- + 6 OH- ———> 28,02- + 5 S,03> + 3 HO (5) 
28,02- + 6 OH ———> 3 S.08- + 2 SO2- 4+ 3 EL0 , (6) 


If piperidine is used as the nucleophilic reagent, 1,1/-thiodipiperidine is formed (eq. 7): 


8,037 + 4 CsHiaNH ——~ &(NC;Hw): + 2 CsHpNH? + SO3- + 8:03- (7) 
In the presence of OH~ as nucleophilic reagent, different reaction mechanisms are 


possible depending on the pH (42). [n less strongly alkaline solution « decomposition 
of the tetrathionate ion by sulfite takes place (eq. 12) instead of the above reactions, 
leading to the formation of trithionate and thiosulfate. With decreasing OH~ con- 
centration, pentathionate can be formed from tetrathionate m addition to the above 
reaction products, because reaction (4) can take place instead of the decomposition 
according to equation (6). Reaction (4) takes place whenever the thiosulfate ion is 
present since it is catalyzed by this ion. This thiosulfate catalysis causes the decom- 
position of even neutral tetrathionate solutions in a few hours, whereas neutral tetra- 
thionate solutions, if pure, can be kept for weeks at room temperature. 

Pentathionate and hexathtonate 11 neutral solutions decompose according to equa- 
tions (8) and (9), which are catalyzed by thiosulfate ion (25,49): 


$,03- ———» §,02- + § (8) 
§,03- ——- 8,03- +8 (9) 


Pentathionate and lexathionate are very sensitive to alkali (49), decomposing like 
the tetrathionate aveording to equations (10) and (11): 


28,077 + 6 OH ———> 5 &.0§- + 3 ALO (10) 
2S8eO3- + 6 OH~ ——> 5 8,037 + 25 +3 FLO (11} 


With pipericline as nucleophilic reagent, thiodipiperidine (or dithiodipiperidine in the 
ease of hexathionate) is also formed (32,33,42), At medium pH values both types of 
decomposition take place, and subsequent hydrolysis of the polythionates formed ac- 
cording to equations (8) and (9) complicates the picture. 

Reactions of Polythionates with Sulfite Ion, Hydrogen Sulfite Ion, and Thio- 
sulfate Jon in Aqueous Solution. Trithionate ion reacts neither with sulfite nor with 
hydrogen sulfite. However, tetrathionate (61,67), pentathionate (23), and hexa- 
fhionate (89) react: 


8,057 + S057 === B:05> + 82,087 (12) 


83037 + 8037 === 64057 + S027 (13) 


S1O8- + SOR~ ——— 8,08- + 8208- (4) 
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The equilibriums are on the right-hand side at high pH values, on the left-hand side 
at low pH values (85). The reactions are to be understood as an exchange of the ligand 
§,.0%- for $027 as shown in equations (15) and (16) (16,83). 


O83 A0i 
s 4+ SO > + 820% (15) 
SSO “SOs 
Sa) So 
vi t : PVN Py An . 
5 + SO}7 —— 3+ 4. BAO] (16) 
SHO} ASO4 


Reactions of Polythionates with Cyanide Ton in Aqueous Solution. 7'rithzonute 
reacts with cyanide ion on heating to form sulfite, hydrogen sulfate, and thiocyanate 
(33,79): 

[OS —8—SO,] — + CN 7 + |(s8-—S—CN] ~ + SO#7 (17) 
[O,8--S—CN] > + OL ——— [0,S80fI]- + SCN7 (18) 





Tetrathionale ion and pentathionate ion react similarly with eyanide ion to give first 
the ions [O,8—8—CN]~ and [OgSe—S---CN |?" respectively, and then thiosulfate, 
thiceyanate, and hydrogen sulfate (60,63,64,66). The reactions occur as follows, re- 
action (19) being followed by (18): 


[OS—S—SO4[2> + CN- ——— [0,8--S—CN]> + §,08- (19) 
[QsSy—8—8204]2> + CN - ———> [Os8--S—-CN] > + 8203 > (20) 
[OsSe--S—-CIN] = -F $08- ——— [0,8 —8—820;]2> + SCN (21) 


Further reaction of the tetrathionate formed in reaction (21) leads to the overall re- 
actions: 


SOR + CN -b OEE ——+ SCN > 4 SOR -F BOF (22) 
SiO#7 -+ 2 GN + OI —-—> 2SCN~ + 8.087 + HSOr (23) 
SOV - BON + OW —— 38CN7 + 82097 + HOF (24) 


Reactions of Polythionates with Hydrogen Sulfide or Sulfide Ion in Aqueous 
Solution, The reaction of polythionate ions with gaseous hydrogen sulfide gives the 
following picture (21). Trithionate ion reacts with hydrogen sulfide exceedingly 
slowly and to an insignificant degree. Polythionate ion of higher sulfur content 
reacts in sohtion that is alkaline at the beginning of the reaction as follows: 


S,Q8 - Ha -+ 2 QE ——— 2 &0!- + (n ~ 3)8 + 2060 (25) 

In acid solution, on the other hand, higher polythiouate reacts with more hydrogen 
sulfide (22,81): three moles af hydrogen sulfide per mole of polythionate: 

SO” + 38 AS ———> SaQ#o + (nw + 18 -F 8 HO (26) 

These reactions have been explained by assuming that the polythiouate ious are first 

broken down into smaller charged (“polarized’’) portions (70). The reaction between 

polythionate and hydrogen sulfide in acid or neutral sohution is complicated, how- 


ever, by the formation of a considerable quantity of pentathionate according to 
reaction (27): 


Si08- + S ——=—= §,02- (27) 





The equilibrium point of reaction (27) is dependent on the pH. 
Reactions (25) and (26) are slow; an increase of the hydrogen-ion coneontration 
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slows down the absorption of hydrogen sulfide by polythionate solutions. Pentathio- 
nate reacts somewhat more slowly than tetrathionate (70). 

The reaction of polythionates with sulfide fom in alkaline solution proceeds by 
equation (28): 


SnO37 -b S27 





> 28.037 + (n — 3)5 (28) 


Trithionate reacts in this manner but more slowly than other polythionates (61,67). 

It, has often been proposed to use polythionates as absorbents for hydrogen sul- 
fide, but such processes have not been put into operation because the insufficient 
knowledge of the complex reaction mechanism would make exact control of the re- 
action impossible. 

Reactions of Polythionates with Salis of Metals (62). T'rzthionate forms sulfides 
on heating with salts of heavy metals that give difficultly soluble sulfides. The reac- 
tion with mercury(I) nitrate is characteristic, forming black mercury sulfide with 
trithionate even in the cold. Similarly, the reaction with copper(I]) salts forms 
copper sulfide on heating. 

Tetraithionate and peniathtonale, in contrast to trithiouate, with merenry(1) nitrate 
give yellow precipitates that become black on heating. 

Pentathionate and hexathionate in contrast to all other polythionates form a brown 
precipitate with an ammoniated solution of a silver salt and a black precipitate with 
aummoniated mercury (11) cyanide solution at high temperatures. 


ANALYSIS OF SOLUTIONS OF POLYTHIONATES 


Qualitative detection of polythionates is given by the precipitation with mercury(I) 
nitrate; thiosulfate ion interferes with this reaction. The presence of pentathionate 
is best shown by the reaction with an ammoniated solution of a silver salt or by the 
immediate precipitation of sulfur on the addition of sodium hydroxide solution. 
Hexathionate reacts like pentathionate tn these reactions; it can be recognized by the 
fact that on addition of a dilute ammonia solution sulfur is precipitated within a few 
seconds, while with pentathionate the reaction occurs only after 5-10 minutes under 
those conditions. 

There are several processes for quantitative determination (62) of polythionates. 
By far the most reliable process is the indirect analysis in which several samples of 
polythiouate are exposed to the action of solutions of sulfite, cyanide, and sulfide. 
Tn the reactions thiosulfate is formed in different amounts and is titrated. If hexa- 
thionate ig present, an additional reaction with sodium hydroxide solution can be used 
to determine it (49). 


PRUPARATION 
Polythionic acids and their salts can, in the main, be produced by the following 
reactions, 
Reaction of Sulfur Halides (as SCI, and S,Cl,) or of Other Derivatives of S™ or S;' 
with HSO; and 8,07. The methods of preparation are based on the following funda- 
mental equations: 


SX, -+ 2 HSO; ———> 8;,03> + 2 AX (29) 
BeNa -+ 2 HSO; -——> 8,037 + 2 HX (30) 
BX2 + 28,037 ———+ 8,097 -+ 2 7 (31) 


SeXe ++ 28,0}- ——— Bi0}~ + 2 X- | (82) 
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Aceording to equation (29) a method was worked out for pofasscum trithionade (8-4) in 
which sulfur dichloride is dissolved in an inert organic solvent, for example carbon 
tetrachloride, and treated below +10°C. with a concentrated solution of potassium 
hydrogen sulfite. Potassium pentalhionate is prepared by bringing together a solution 
of sulfur dichloride and concentrated solutions of thiosulfate in an acid medium at 
about 0°C. and then neutralizing with potassium hydroxide (in methanol solution) 
(40). Uf sulfur monochloride is taken as the starting material, potessiwm teirathionaic 
(84) und polassizm hexathionate (40) can be similarly prepared. Sulfur monobromide, 
sulfur monothiocyanate, Sa(SCN), (88), or dithioamines, 8.(NRz)» (94), can be used in- 
stead of sulfur monochloride. (See also ref. (93).) A dithioamine yields according to 
equation (30) the tetrathionate of the secondary amine used, The processes can be 
used not only for the preparation of potassium and alkylammonium salts, but also for 
the preparation of polythionic salts in general. Thus, for example, the piperidinium 
salt of hexathionic acid was made according to equation (32) from sulfur monochloride 
and piperidinium thiosulfate in chloroform (33). 

Reaction Between Hydrogen Sulfide and Sulfur Dioxide in an Aqueous Medium. 
The formation of polythionic acids from Wackenrader’s liquid, the reaction product of 
hydrogen sulfide with sulfur dioxide in an aqueous solution, is today still of practical 
value (see under “Applications’). Debus found that the diferent polythionates are 
formed in varying amounts according to the pH of the solution and the concentrations 
of the starting materials. If excess lydrogen sulfide is used, sulfur is the eliuef product 
together with a small amount of pentathionate (18,80); if 1 mole of hydrogen sulfide 
wud 2 moles of sulfur dioxide are brought together im an acid medium, chiefly tefra- 
thionie acid is formed (56). With hydrogen sulfide and neutral HSO7] solution, 4 
moles of HSO7 are used per mole of hydrogen sulfide, and equimolar quantities of 
thiosulfate and frithionale are formed (55,95). Tf instead of hydrogen sulfide, sodium 
hydrogen sulfide is treated with HSO;, the formation of polythionate stops and thio- 
sulfate is formed (26,28,92): 


2NeHS + 4 NwHSO; ——— 8 Nad; -+ 38 WO (33) 


A mechanism for the reactions, based on equations (29-32), has been proposed by 
Stamm and Goehring (83). . 

Oxidation of Thiosulfurie Acid (y.v.) and Thiosulfates. T'eérathionates can be 
prepared by oxidation of thiosulfate in weakly acid to neutral solation with iodine, 
copper(II): salts, dichromate, peroxydisulfate (76), cyanogen iodide or bromicle, 
nitrous acid, or hydrogen peroxide: 


28,02" 4+ ly ——— S0t- + 2 I- (34) 
(si 
@SO~ -- S08 "+> 2 SOR- + 8,02- (35) 


Anodie oxidation of thiosulfate also gives polythionate (12). 

Trithtonaies can be prepared by oxidation of thiosulfate with hydrogen peroxide in 
an alkaline solution (90); iy this reaction also, tetrathionate is formed first and then 
is decomposed by the alkali (79). 

Hexathionates are prepared by reaction of thiosulfate with nitrite in acid solution 
(77,89). In this reaction NO 7 is reduced to NeO, NO, and No (75). 

Dispropertionation of Sulfurous Acid Derivatives. Concentrated solutions of 
ammonium hydrosulfide decompose explosively with the intermediate formation of 
polythionic acids (15). An analogous deeompusition of sulfurous acid occurs with 
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noticeable speed only at 150°C, (27); it is catalyzed by iodide and selenium dioxide. 
These reactions result mainly in the formation of értfhionate. The reaction product 
from sulfur dioxide and ammonia, 8Q2.NH, (44), disproportionates faster with the 
formation of trithionate than dees ammonium hydrogen sulfite or sulfurous acid. 
The reaction produces sulfate and imidodisulfonate, [HIN(SOs)2]?~, besides trithionate. 

Decomposition of Thiosulfuric Acid. Thiosulfate ion reacts with hydrogen ions 
(30) according to equations (86-38). The solutions of these substances can then 
react slowly to form polythionate and hydrogen sulfide. The extent of formation of 
polythionate depends greatly on the pH value of the solution (57,78). The manner in 
which polythionic acids are formed from thiosulfuric acid las not been explained 
(13,45). Catalysts like As", Sb! and to a smaller extent, also Sn7¥, Bil, and Mo”! 
can so influence the reaction that 95% of the sulfur of the thiosulfate is changed to 
polythionate sulfur (68). According to the pH of the solution, different polythionic 
acids can thus be prepared. Procedures have been worked out for the preparation 
of potasstum pentathionate (79), wi~ and letrathionate (72), and herathionate (64,78). 
The formation of pulythionic acids presumably takes place in such a way that from 
As" and 8:037 there is first formed a complex, [As(S2O3)3]*- (29), which reaets further 
to form polythionates (52,54). 


S.08> + Ht oe HS.OF (36) 
[S0,7 == === SOF + 8 (37) 





SOF + SO 8,0,(802)]2> (38) 


Other Reactions. Polythiouic acids are formed to a small extent when elementary 
sulfur is exposed to air and moisture; this formation has been noted particularly in the 
hydrolysis of overheated sulfur vapor (47). In a similar manner, polythionic acids 
are formed in the hydrolysis of SiN, (89), SaCNH)« (89), and S;,NH (43). Solutions of 
the free polythionic acids are obtained from solutions of the potassium polythionates 
hy precipitation of the potassium salts of tartaric, fluosilicic, or perchloric acid with 
the calculated amount of one of these acids, 





. Applications 

Only a few references to the practical use of thionates can be found in the litera 
ture. In the so-called Walter Feld process (115) the polythionates were suggested as an 
intermediate step in the removal of hydrogen sulfide from gas. However, neither this 
process uor variations (116,118) of it have been adopted commercially. 

Tn 1922 Young (112) suggested that pentathionie acid was the fungicidal factor 
accompanying sulfur when sulfur was used in agricultural sprays and dusts and later 
patented a colloidal sulfur preparation (117) which he claimed contained a high per- 
centage of pentuthionic acid, The fungicidal factor of sulfur has proved to be a highly 
controversial subject. A number of publications’ (100,101,109) confirmed Young's 
theory (102,111,118,114), while others (107,110) held that the polythionic acids were 
no more toxic than could be expected from the hydrogen ions alone. Parker-Rhodes 
found that only certain sulfur compounds, and not the thionates, would be ab- 
sorbed by spores (105). The polythionates as such have not found any use in agricul- 
tural sprays. 

Polythionate solutions were introduced by Neesby (120) in 1940 for dermatologi- 
al and cosmetic applications instead of suspeusions of elemental sulfur and organie 
sulfur compounds. These solutions consist. of aqueous solutions of pH 1 of approxi- 
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mately equal amounts of penta- and tetrathionates (total 5% polythionates). The 
solutions are stabilized by the presence of small amounts of cupric salts (0.0005 molur- 
ity of cupric acetate), These solutions are stable even at clevated temperature but will 
decompose if exposed to sunlight or other ultraviolet sources, They are prepared by 
a modification of Waclkenroder’s process (see p. 84), since this readily yields stable 
solutions of polythionates without reerystallization, as required in methods based on 
the reaction of acids and salts. The products are marketed in the U.S. under the 
names Dermasulf and Thyoquent, and in Europe as Polythiosol, Dermeacneyl, and 
Ruthiosol. 

Clinieal investigations showing the dermatological effect of polythionates have 
heen published by a number of authors (96,97, 108). The beneficial effect on the skin 
has been aseribed to (7) the bactericidal-bacteristatic (98,104) and fungistatic effect 
of polythionic acids, (@) the tanning and drying effect of polythionic acids on the skia, 
and (8) the decomposition of the polythionates yielding finely divided sulfur. 

Solutions of sodium tetrathionate (119) were used intravenously against throm bo- 
ingtitis obliterans by Theis and Freeland (108), but the application was discontinued 
alter somo years (99). 

Encouraging results have been reported im Spain with sodium trithionate in the 
treatment of tuberculous infections of the lung (100). 
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THIONIUM COMPOUNDS. Sce Ontum compounds; Sulfur compounds, organic, Vol. 
13, p. 440. 

THIONYL HALIDES, SOX,. See Sulfur compounds, inorganic, Vol. 18, p. 405. 

THIOPENTAL, CuHieNe028. Sce Stimulants and depressants of the nervous system, 
Vol. 18, p. 10. 


THIOPHANIUM DERIVATIVES. See Stimulants and depressants of the nervous system, 
Vol. 18, p. 36. 


THIOPHENE 


Thiophene (thiofuran, divinylene sulfide), C4H,8, formula weight 84.14, is a colorless, 
water-insoluble cyelic sulfur compound with a benzenelike odor. 

The structural formulas of thiophene and the dihydro- and tetralhydrothiophenes 
are usually represented as follows. 
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The older nomenclature referred to the 2- and 5- positions as the e~ and @'- positions, 
and to the 3- and 4- positions as @- and 8’- positions. The two isomeric radicals 
CyH,8— formed by removing one hydrogen from the thiophene formula are named 2- 
and 8-thienyl. The two thienylmethyl radicals, C,H SCH»—, are referred to as 2- and 
3-ihenyl. The radicals ChH,SCO— derived from the two thiophenecarboxylic acids are 
called 2- and 3-thenoyl. 

Commercially, thiophene is still in the market development stage. Several thio- 
phene-based antihistaminics have been marketed under various brand names, a thio- 
phene-based antispasmodic has shown promise, and other thiophene-derived pharma- 
ceuticals have been studied. Thiophene-based resins, dyes, agricultural chemicals, 
economic poisons, and inhibitors are in various stages of development. 

Thiophene was first recognized as a chemical individual by Victor Meyer in 1882 
when the characteristic indophenine test for benzene which he was demonstrating failed. 
He found that his assistant, T. Sandmeyer, had given him benzene prepared by dry 
distillation of calcium benzoate, instead of commercial benzene. Meyer found that 
when commercial benzene was scrubbed with sulfuric acid, the indophenine test be- 
came weak. From the sulfonic acid extract so obtained Meyer regenerated thiophene, 
which he found to be the component responsible for the indophenine test. He then 
established the structure of thiophene and eventually synthesized the compound by 
ring closure of succinic acid with phosphorus pentasulfide. In 1888 Meyer published 
his book on thiophene after five years of intensive research. The first synthetic thio- 
phene derivative reported in the literature, by Laurent in 1844, was definitely proved 
to be tetrapheny!thiophene (thtonessal), CsS(CoHs)4, in 1891 when Bauman and co- 
workers synthesized it by ring closure of stilbene, CsH;CH—CHC,H,, with sulfur at 
250°C. In 1910 Wilhelm Steinkopf started a study of thiophene chemistry which 
lasted several decades, culminating in the publishing of his book (23). The present 
commercial process for thiophene by the reaction of butane with sulfur, announced in 
1945, made thiophene available at a reasonable price and started another period of 
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very active thiophene research, Most, of the work which is summarized in this 
article is taken from this labter period. 


Properties 
CONSTANTS 

Following are the more important physical constants of thiophene: b.p. 84.12°C.; 
f.p. —88.30°C.; d3 10583; 2 1.5258; »% 0.621 centipoises; eri. temp. 310°C.; 
crit. pressure 45 atm.; heat of vaporization 7760 cal./mole; heat of formation (liquid) 
AH = —19.6 kg.-cal./mole; heat of combustion 670 ke-cal./mole; heat of fusion 
14.01 eal./e.; vapor pressure 500 mm. Hg 71°C., 700 mm. Hg 81.5°C., 900 mm. 
Hg 89.7°C, 

Thiophene is soluble in hydrocarbons and in most of the common organic solvents, 
but is immiscible with water. Thiophene and benzene form solid solutions at all 
concentrations, so that their separation by crystallization is impractical. 

The molecular structure and spectroscopy of thiophene and its derivatives have 
heen thoroughly reviewed (12). The thiophene ring is planar, and the nuclei of the 
five atoms are spaced about an axis of symmetry which passes through the sulfur 
nucleus. The clectrouie structure contains mobile electrons from the conjugated 
double bonds which, with some eleetrons from the decet possible about, the sulfur atom, 
exert great influence upon the chemical properties of the molecule. 

Infrared and mass spectrographic methocls have been useful techniques Tor analyti- 
eal work. The infrared spectrogvam of pure thiophene along with those of several 
of the closer members of the thiopheie family are given in (10). 


REACTIONS 

Thiophene is loss stable than beuzene. Ring rupture with evolution of hydrogen 
sulfide begins at about 200°C. in the presence of various clays, alumina, and siltea- 
alumina catalysts. Sulfur dioxide is evolved duriug polymerization processes with 
sulfurie acid. Potassium ruptives the ring, forming potassium sulfide, whereas so~ 
dium is inactive. Alkyl and ary] derivatives of thiophene are in general more stable 
than thiophene itself, the most stable being apparently tetraphenylthiophene, which 
boils at about 460°C. 

Ozone in oxygen bubbled through a suspension of thiophene in water is said to 
form an ozonide. Thiophene auto-oxidizes with air in light, forming sulfuric and 
oxalic acids. Flydrogen. peroxide is said to form products of undetermined structure 
with thiophene; with tetraphenylthiophene it forms the 1,1-dioxide, a cyclic sulfone, 
but other thiophene dioxides have been prepared by cyclization of conjugated diolefins 
and sulfur dioxide. See Suffones, Vol, 18, p. 3-42. 

‘Phiophene undergoes most typical aromatic substitution reactions more rapidly 
than does benzene, Certain reactions, such as aminomethylation, chloromethylation, 
and mercuration, which fail or procerd slowly with benzene, go rapidly with thio- 
phene. Except in the special case of alkylation, monosubstitution occurs almost 
exclusively in the 2- position. Disubstitution occurs predominantly in the 2- and 5- 
positions. 

Halogenation (10, pp. 173-84). Thiophene reacts rapidly with chlorine at tem- 
peratures ranging from —30°C. to its boiling point, 84°C. Substitution apparently 
is the main reaction until 2,5-dichlorothiophene is formed. After that, addition pre- 
dominates. All of the possible substitution products can be obtained hy dehydro- 
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chlorination of the addition products. Thiophene and sulfuryl chloride, SOC, 
yield 2-chlorothiophene. N-Chloroacetamide and thiophene yield a mixture of 2- 
chloro- and 2,5-dichlorothiophenes. Chlorine derivatives of thiophene ranging from 
2- and 3-chlorothiophenes to 2,2,3,3,4,4,5,5-octachlorothiolane bave heen described. 

Thiophene is hrominated by bromine, cyanogen bromide, N-bromosuccinimide, 
ete. (10, p. 200). 

Thiophene iodinates with iodine and mercuric oxide. In benzene solution in the 
cold, 2-iodothiophene is formed. In glacial acetic acid under reflux, tetraiodothio- 
phence is obtained (10, pp. 210-12). 

Acylation. Thiophene is readily acylated to give thienyl ketones. The classic 
technique of acylation with an acyl halide and aluminum chloride works well. Cata- 
lytic amounts of strong inorganic acids of sulfur and phosphorus promote acylation of 
thiophene with acid anhydrides: 


(RCO)}.0 + Cis 





> RCOCHS + RCOOH 


Thiophene has been acylated with carboxylic acids in the presence of molar amounts 
of phosphorus pentoxide (10, pp. 821-31). 

The 2-thienyl methy] ketones (obtained by avetylating thiophenes) readily undergo 
the haloform reaction with sodium hypochlorite to yield the 2-thiophenecarboxylic 
acids (11). 

Aminomethylation. Thiophene reacts with formaldehyde and ammonium 
chloride. Depending upon conditions, several products can be obtained, such as the 
dimer of N-2-thenylformaldimine (C,H;5CH:N==CHy)., mono-, di- and tri-2-thenyl- 
amines. The aminomethylation reaction takes place with ammonium halides, but 
other ammonium salts fail to react. The use of hydroxylamine salts instead of am- 
monium salts gives the various V-2-thenylhydroxylamines. Under controlled con- 
ditions, this reaction yields nitrogenous resins soluble or dispersible in acids, insoluble 
in bases (10, pp. 244-51). 

Metalation. 2-Thienyllithium is formed from thiophene and butyllithium in 
ether (3). 2-Thienylsodium is readily formed by transmetalation of thiophene with 
sodium amalgam aud an alkyl or aryl halide in refluxing ether (22). 2-Thienylsodium 
is also formed in good yield from 2-chlorothiophene and sodium amalgam in benzene; 
in ether, however, 5-chloro-2-thienylsodium is formed (21). The thienylsodiums are 
readily carbonated +o the carboxylic acids. In general, they undergo the Grignard- 
type reactions. 

Thiophene is converted into 2-thiophenemercurichloride (2-(chloromercuri)thio- 
phene), CsH;SHeCl, and the 2,5-dimercurichloride on treatment with mercuric chloride 
in dilute alcoholic solution, Mercuric acetate reacts with thiophene to form poly- 
mercuriacetates. The 2,5-dimercuriacetate is formed in 50% acetic acid at 50°C., 
and the tetramercuriacetate is formed in glacial acetic acid at 80-90°C. (10, pp. 
445-49). 

Alkylation. Direct alkylation of thiophene with olefins produces the 2- and 3- 
alkylthiophenes in about equal proportions, Ethylene does not react, propylene reacts 
with difficulty, but higher olefins alkylate thiophene readily in the presence of suitable 
catalysts. Many catalysts such as active clays, boron fluoride complexes, sulfuric 
acid, aluminum chloride, hydrogen fluoride, have been used (10, pp. 162-63). The 
Clemmensen method (reduction of a thienyl alkyl ketone) has been widely used for the 
preparation of 2-alkylthiophenes (1.0, p. 160). 
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Polymerization and Resinification. Thiophene is readily polymerized by sulfuric 
acid, hydrogen fluoride, ferrie chloride, stannic chloride, aluminum chloride, ete. 
Mild polymerizing agents, such as silica-alumina gels, and 100%, orthophosphorie acic, 
yield trimeric and pentameric substances. he trimer has heen identified as 2,4-di-2- 
thienylthiolane (15). The alkylthiophenes also polymerize under the same conditions. 

Thiophene condenses with formaldehyde under mildly aecidie conditions to form 
thermoplastic and thermosetting resins. Bases do not catalyze the reaction.  Flow- 
ever, thiophene-phenol co-condensation products with formaldehyde will thermoset at 
an alkaline pH in the presence of hexamethylenetetramine (10, p. 162). 

Sulfonation. ‘Thiophene is readily converted to 2-thiophenesulfonic acid by 
treatment with 95% sulfuric aeid or with chloro- or fluorosulfonic acid (10, p. 418; 25). 
The 3-sulfonic acid has been prepared by brominating the 2- and 5- positions, sulfonat- 
ing, and then debrominating. 

Nitration. The mixed-acid nitration technique suitable for benzene is too severe 
for thiophene, but yields of 70% or more of 2-nitrothiophene can he obtained by add- 
ing thiophene dissolved in acetic anhydride to a solution of nitric acid in glacial acetic 
acid at 10°C. (2). Benzoyl nitrate and cold thiophene are said to give almost quanti- 
tative yields of 2-nitrothiophene. 

Although the nitrothiophenes ¢an be reduced to the aminothiophenes, the latter 
are unstable in the presence of air. They can be stored only in an inert atmosphere or 
as double salty, ete. 


Occurrence and Production 


Thiophene is present in the crude benzene fraction of coal tar distillate to the ex- 
tent of about 0.5% wt. Thiophene and derivatives have also heen found in varying 
quantities in carbonaceous deposits of lignite, peat, shale, coal, and certain crude 
oils, Tt is not known whether thiophene exists naturally in crude oils or whether it is 
formed during high temperature distillation or other processing, Certain shale oils 
have been found to be high in thiophene content. Picon (18) has described methods 
of separation of thiophene andl its homologs from shale gils obtained in the Tyrol and 
in the Ain district of France. These oils contain up to 16% sulfur mostly in the form 
of thiophene and thiophene derivatives. These methods of recovery were not known 
to have heen commercialized to any extent until recently (7), 

Thiophene has been made by reaction between various hydrocarbons and sulfur 
or sulfur compounds. The yields from these reactions are sometimes poor and a 
variety of other compounds are formed. A commonly ysed laboratory synthesis em- 
ploying succinic anhydride and phosphorus heptasulfide (P87) gives good yields of 
thiophene (17). The best means to date for the production of thiophene involves the 
reaction of straight-chain C4 hydrocarbons with sulfur thermally (24) or with hydrogen 
sulfide over a catalyst (27) or with sulfur dioxide (28) over a catalyst. Thus far only 
one of these processes, the noncatalytic reaction of n-butane and sulfur at 600°C., 
has been developed sufficiently to be a commercial source of thiophene (20), The 
yield is about 40%, and about the same percentage of a tar is formed, containing 3- 
thiophenethiol, CyH;SSH, b.p. 171.1°C., d® 1.251, and a red liquid CyELSs, b.p.2 
120-25°C., which may be a thiolanedithione (6). 

Methyl derivatives of thiophene may also he prepared by this process by using 
pentane in place of butane. Thus n-pentane produces 2-methylthiophene, b.p. 
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112.5°C., d2° 1.0194, whereas isopentane produces 3-methylthiophene, b.p. 115.4°C., 
di? 1.0216. . 

Tn the Socony-Vacuum thiophene process, as practiced on a semicommercial scale 
from 1946 to 1952, sulfur of ordinary commercial grade is melted and pumped through 
an alloy coil in a gas-fired furnace where it is vaporized ancl heated to about 700°C, 
n-Butane fresh feed and Cy hydrocarbon recycle, consisting of unreacted butane, 
butylenes, and butadiene, are pumped through a second coil where the combined hy- 
drocarbou stream is heated to about 560°C, The n-butane purity required is 95% or 
better. The impurity usually present in ordinary commercial grade n-butane is pre- 
dominantly isobutane. In an early version of the process the heated streams of sulfur 
and Cy were mixed and passed through a coil reactor in a third furnace. Subsequently 
the reactor consisted simply of a section of insulated pipe acting as an adiabatic re- 
actor. The reaction is endothermic, and the reaction temperature is about 560°C. 
average and the reaction time about two seconds. 

The reactor effluent is passed into a chamber where it is quenched with a water 
spray. ‘This arrests the reaction and condenses most of the by-product tar formed. 
Tar and quench water settle in two layers at the bottom of the quench tower and are 
continuously withdrawn; the overhead passes through a glass-wool filter to remove 
entrained tar mist. ‘The filtered gas is then cooled to room temperature and fed into 2 
gas separator where condensed liquid is collected. 

The gas from the separator is compressed to about [80 p.s.i.g. and is then cooled 
and discharged into a surge tank where it is combined with the liquid which is pumped 
from the gas separator. Liquid and nonconcdensed gases are fed to 1 stabilizer tower. 

The stabilizer tower removes components lighter than C, which are rejected from 
the process. The overhead from this tower contains about 80 mole per ceut hydrogen 
sulfide and 20 mole per cent light hydrocarbons. This stream may be processed fur- 
ther to recover the sulfur. Under typical operating conditions the stabilizer reboiler 
is maintained at 200°F, and temperature at the top is about 75°F. The presstire is 
normally about 165 p.s.i.g. 

The bottoms from the stabilizer tower are fed into a debutanizer tower where un- 
reacted Cy constituents are removed overhead, This tower operates at about 65 
p.s.ig. with a top temperature of 135°F. and a reboiler temperature of 300°F. The 
overhead consists of about 70 mole per cent butane, 20 of butylenes, 10 of buta- 
diene, and minor amounts of thiophene, carbon disulfide and light ends, ‘These are 
fed back to the process as recycle stream. The bottoms, which constitute the crude 
thiophene stream, contain about 80 mole per cent thiophene and 15 mole per cent 
earbon disulfide, These are withdrawn from the process to storage for batch distilla- 
tion to recover thiophene, The thiophene thus recovered is in excess of 99% pure. 

Tn processing 100 lb. of butane about 270 lb. of sulfur are required and the follow- 
ing products are made: thiophene, 70 lb.; hydrogen sulfide, 184 ]b.; carbon disulfide, 
10 1b.; tar, 801b. The tar can be further vacuum- or steam-distilled to produce about 
15 lb. of 3-thiophenethiol. The balance of the tar and the hydrogen sulfide can he 
processed to recover about 200 lb. of the 270 lh. of sulfur initially used. 

Economic Aspects. During its semicommercial manufacture thiophene com- 
manded a selling price that permitted its use in the pharmaceutical industry in com- 
mercial quantities. Tlowever, in the more price-sensitive fields sueh as solvents, 
resins, agricultural chemicals, and dyes no large scale uses have occurred to date. 
The results of exploratory research in these fields, however, presage that larger, more 
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diversified markets for thiophene will eventually be developed. The ceonomics 
of the reaction of n-butane with sulfur are such that increased production will result int 
a definite decrease in price. 

Specifications and Methods of Testing. The specifications established for 
thiophene during its experimental manufacture are as follows: boiling range (760 
mm.) (ASTM Method D86-40) ; ib.p., 88°C.; 99%, 85 °C.; cottrell b.p., 84 to 85 °C.; 
fp. —38 to ~36°C.; density, L064; refractive index niy, 1.5284 to 1.5290; purity 
(by f.p.), 99% min. 

No standardized test’ procedures have been developed for thiophene. Those 
suggested hy the specifications listed above as well as spectrographic methods have 
heen used Lo date to control quality. 

Thiophene may be estimated when present in small quantities such as in benzene 
by a colorimetric procedure involving comparison of the color developed by an isatin- 
ferric chloride-sulfuric acid reagent with color standards made from known coneen- 
trations in benzene (1). A recommended procedure for determining purity of possible 
commercial grades of thiophene in lieu of specifications is by sulfur analysis and. deter- 
mination of the true boiling point distillation curve. Spectrographic methods of 
analysis can also be applied as deseribed earlier. 

Health and Safety Factors. Reviews of the biological and pharmacological 
activity of thiophene and its derivatives have been published (4,5). Pure thiophene, 
administered by inhalation, is said to be more toxic to mice than benzene (9). In the 
semicommercial manufacture of thiophene, the rigid observance of precautions equiva- 
lent to those employed in the handling of benzene was enforced, 


Uses 


Soon after the discovery and characterization of thiophene, the similarity of 
several of the physical and chemical properties of thiophene and its derivatives to 
those of the corresponding benzene compounds inspired studies of comparative bio- 
chemical and pharmaceutical properties. Thiophene analogs of about all of the im- 
portant benzene-derivec| therapeutic agents have been prepared (5). 

The thiophene compounds that: have been produced commercially as therapeutic 
agents are antihistamine drugs. Hive of a large number that: have been described 
have becn put on the market (14): 


Methaphenilene.TTCl, N.N.R, N,N-Dimethyl-N’-phenyl-N /-2-thenylethylene- 
(Diatrine ICL) diamine. HCl 

Methapyvilene.TICl, N.NLR,. 2-[(2-Dimethylaminoethyl)-2-thenylamino] pyridine. 
(Thenylpyramine.FICl, HCl (N,N-dimethyl-N'-(2-pyridy])-N ‘-(2-theny1)- 
Thenylone.FLCl, Tistady] AC, ethylenediamine. HCl) 
Semikon,FICL, ete.) 

Thenfadil, HCl 2-[(2-Dimethylaminoethyl)-3-thenylaminog] pyridine,- 

HCl 

Chloromethapyrilene citrate, N.N.R.  2-[(5-Chloro-2-thenyl)(2-dimethylaminoethy! )amino]- 
(Chlorathen citrate, Tagathen pyridine monocitrate 
citrate) 

Bromothen. AC] 2-[(5-Bromo-2-theny] )(2-dimethylaminocthylamino]- 


pyridine, HCl 


All of the above compounds are tetrasubstituted ethylenediamincs, one substituent of 
which is a thenyl (thienylmethy]) or substituted thenyl group. See also Vol. 7, pp. 
470-74, 
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5-Phenyl-5-(2-thienyl)hydantoin sodium (Phethenylate sodium, Thiantoin su- 
dium) has been suggested as a promising antiepileptic. See Vol. 7, p. 775. 

However, those markets which would consume large quantities of thiophene with a 
consequent reduction in its price, are still in the development stage. The chlorothio- 
phenes, especially 2,5-dichlorothiophene, are said to be effective grain fumigants (31). 
2-Chlorothiophene is said to be a stabilizer for perchloroethylene (80). The nitro- 
thiopheues are said to act as vapor-phase corrosion inhibitors (29). The published 
results of chemical-biological screening tests performed through the agency of the 
Chemical-Biological Coordination Center of the National Research Council show 
positive results with thiophene derivatives against fungi, the granary weevil, the Ger- 
man cockroach, lice, ticks, etc, (16). However, the thiophene analog of DDT (5- 
chloro-2-thienyl replacing the p-chlorophenyl group) was ineffective (19). 

Thiophene-derived resins have received exploratory study. The polymers of 
thiophene are said to be vinyl resin plasticizers (26). Thiophene-formaldehyde and 
thiophene-phenol-formaldehyde condensation products have been described (10, 
p. 162), Vinylthiophene has received some attention because of its similarity to 
styrene. 

2-Thenoyltrifluoroacetone, CyHsSCOCH,COCEy, has been mentioned as a co- 
ordinating agent for separating zirconium and hafnium salts (8,13). 
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THIOPHENOLS, RSIT. See Mereaptuns, Vol. 8, p. 860. 

THIOPHOSGENE. See Sulfur compounds, inorganie, Vol, 13, p. 886. 

THIOSEMICARBAZIDE, HzNNHCSNH2; THIOSEMICARBAZONES, RR'C:NNH- 
CSNH:. See Mydrazine, Vol. 7% pp. 586, 588. 

THIOSULFONATES, RSO.SR. See Sulfur compounds, organic, Vol. 18, p. 443. 


THIOSULFURIC ACID AND THIOSULFATES 


Thiosulfurie acid, He8gO., formula weight 17-415, is known only in solution. It is 
relatively unstable and decomposes into sulfur dioxide, water, aud sulfur: 
EHyS:0) — 80, + EO + 5 


Small amounts of thiosulfates are found in the sulfur springs of the Pyrenees, in the 
urine of rabbits fed on white cabbage, in the residue after the explosion of gunpowder, 
and. in the soil from the aetiou of various soil organisms which oxidize sulfur to sulfate 
with the formation of some thiosulfate, 

Tn an attempt to obtain sodium carbonate, Chaussier in 1799 obtained sodiim 
thiosulfate as a by-produet from the reaction of sodium sulfate with charcoal, The 
constitution was uncertain and, in 1813, Gay Lussac wrougly regarded the salt as the 
derivative of an acid, intermediate in oxidation between sulfur and sulfurous acid. 
Tn consequence, he designated the acid “hyposulfurous acid” and the salt “hyposulfite 
of soda.” This name for the salt has persisted to the present, particularly among 
photographers, who have shortened it to “hypo.” In 1877, von Wagner suggested 
calling the acid thiosulfuric acid to indicate its relation to sulfurie acid and to distin- 
guish it from other sulfur acids, particularly hydrosufurous acid, F220, At present 
the terms thiosulfuric acid and thiosulfates are generally accepted in chemistry. 


Properties of Thiosulfurie Acid 


On the basis of physical and chemical evidence including experiments with radio- 
active sulfur, if has been clearly established that the structure of thiosulfuric acid 
consists in a substitution of one oxygen in sulfuric acid by an atom of sulfur. The 
sults aud ester salts can be considered to be derived from 802(OH) (SH). 

A dilute solution of thiostlfurie acid can be obtained by treating a solution of the 
lead salt with hydrogen sulfide or sulfuric acid and filtering off the precipitate, or by 
adding an equivalent amount of hydrochloric acid to a solution of sodium thiosulfate 
if there is no objection to the sodium chloride formed at the same time. 

Thiosulfurie acid is a relatively strong acid. In measurements of the acidity 
of different sulfur acics, Kolthoff (16) found thiosulfuric stronger than sulfurie but 
weaker than hydrosulfurous acid. From pH measurements at 25°C. wilh a glass 
electrode Yui and Hagisawe (3) found for the seeond dissociation constant, M2 = 
2.78 X 107% Demey and Monk (7) reported 3.3 X 107? and Page (20) 1.9 % 107%, 
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which is probably a better figure. Thiosulfuric acid is a dibasic acid, but only the 
normal salts are known. Denney and Monk (7) give Ay = 87.4 for S037. The ab- 
sorption spectra for thiosulfuric acid, sodium thiosulfate, aud sodium ethy! thiosulfate 
have been measured by Lay and Kénig (19). The infrared absorption spectra be- 
tween 6 and 20u are given by Lecomte (18). The heat, of formation of the thiosulfate 
ion, 8.037, at a theoretical molality of one is —154.0 kg-cal./mole at 25°C. and the 
free cnergy of formation, ~122.7 kg-cal./mole. Scheffer and Béhm (82) by an in- 
clirect method have found that the normal oxidation-reduction potential of solutions 
of thiosulfate ion, $037, and tetrathionate ion, $,0§7, in neutral solution is approxi- 
mately 0.40 volt, 
Sodium thiosulfate decomposes in acid solution: 


Ht 


NwS.05 —_—___ NaisOs + 5 
OH- 





The mechanism of the decomposition is complicated and has been the subject of a num- 
ber of investigations. Since there is a time interval between the acidification of a 
thiosulfate solution and the first appearance of a sulfur cloud or opalescence, early 
investigators regarded this ‘induction period” as due to a supersaturation with sulfur. 
The most. probable explanation appears to be as follows (31): Some other reactions 
take place in acid solutions before any turbidity is ohserved since there is an increase 
in the iodine titration. Side reactions involving the formation of polythionates oecur 
(see Thionie acids). The 8:03 ion is believed to be relatively stable and there is no 
decomposition of the thiosulfate until a hydrogen-ion concentration of 2.6 * 107? is 
reached, At that point the HS,O; iou is formed, which rapidly decomposes to liber- 
ate sulfur: 

8.037 + H+ ——> HS8,0; (1) 

HS.0; ~~ HSO; +5 (2) 


A much slower reaction is the formation of some pentuthionic acid which takes place 
if dilute hydrochloric acid is used: 


6 H* + 5 8:07 ———> 28,087 -+ 3 Had (3) 


If concentrated hydrochloric acid is used, HeS ane H.8, are formed, presumably from 
the monatomic sulfur, 

Thiosulfurie acid and thiosulfates can be oxidized to sulfates or polythionates 
according to the conditions. 


Analysis of Thiosulfates 


Thiosulfates can be detected by a number of reactions. A simple one is the evolu- 
tion of sulfur dioxide and separation of sulfur when a solution is treated with hydro- 
chloric acid. Precipitates are obtained by the addition of solutions of silver, copper, 
lead, or barium salts. The silver precipitate is at first white, gradually turning yellow, 
then brown, and finally black as the sulfide is formed. The change is accelerated by 
warming, ead and barium thiosulfates are sparingly soluble. In the case of lead, 
the precipitate is soluble in excess of thiosulfate and blackens on warming. 

Solutions of thiosulfates give a number of color reactions. With ferrie chloride 
solution a transient violet eolor results. A solution of sodium nitroprusside which has 
turned brown by exposure to the air gives a blue color. A sensitive test is a blue 
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‘ving test”? when a solution of the thiosulfate is carefully poured onto a mixture of 
ammonium molybdate solution and concentrated sulfuric acid, 

Gravimetrically, the total sulfur can, of course, be readily determined as barium 
sulfate alter oxidation by chlorine or other suitable oxidizing agent. Titration with 
iodine is the commonly used volumetric method of analysis, sodium tetrathiouate being 
formed: 


2 NaedrOn -- I, ————> 2 Nal + Nae 


No change of acidity or alkalinity takes place in this reaction. An alternate method 
is the oxidation of the thiosulfate with hydrogen peroxide. An initial known quan- 
tity of alkali is added and the excess remaining after boiling is measured hy titration 
with acid: 

NaS.Q; -- 2 NaOl -- 4 HQ, -———~> 2 NaeSO. + 5 HO 


In another procedure, mercuric chloride ean be added, which reacts to give a white 
precipitate of HeCl.2H eS aud ACI, the reaction being: 


2 NawS.O. + 3 HeCl, + 2 1.0 --——— 2 NaSO, + 4+ UCL + UgCl. 2H es 


The amount of thiosulfate can be estimated by titrating the acid formed. ‘The 
method can be applied in the presence of sulfides, which give a precipitate but develop 
no acidity. For details of analyses see reference (17). 


Sodiym Thiosulfate 


Sodium thiosulfate (sodium hyposulfite, “antichlor,” sodium subsulfite, “hypo”), 
Na§.0;.5H.20, formula weight 248.21, is the best-known and most important of the 
thiosulfates, A good summary of properties, etc., is given in reference (12). When 
the salt is crystallized from aqueous solution at ordinary temperatures, the pentahy- 
dvate is formed as transparent prisms belonging to the monoclinic system. The eom- 
mercial product oeeurs as colorless crystals or white granules which ave odorless and 
possess 2 cooling taste. They are fuirly stable under ordinary conditions in air, 
efflorescing in warm dry air and deliquescing slightly in moist air. The aqueous solu- 
tion is neutral. The product is insoluble in alcohol. 


TABLE J. Solubility of «-Pentahydrate in Water. 





Solubility, parts of 
NawSeOs in 100 parts 








Solid phase Temperature, °C, of water 
a-NawyO3.5HaO) + ice -li 42,8 
a-NawSel ),. 510) 0 40. 15 

10 59.66 
20 70.07 
30 82.45 
A0 103.37 
48.2 (transition point) — -159.78 
a-NaeS203.2EQ0 50 165.11 
60 191.30 
65 212.90 
NaphieOy. 6TRO 65 214,90 
70 223 .20 
NaS0; 70 223.10 


80 231.80 
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PHYSICAL AND CHEMICAL PROPERTHES 

The o-pentahydrate melts in its own water of crystallization at (8.5°C.; dy 
L715; 5 @ 1.4886; B 1.5079; y 1.5360; heat of formation AH, (a-form), — 621.89 
kg.-cal./mole; heat of fusion, 11.85 kg.-eal./molo; specific heat (21°C.), 0.346 cal./g.; 
eryoscopic constant (Ky = AT/N), 42.6. The decomposition pressure of the penta- 
hydrate (forming the anhydrous salt) has been published (15). The vapor pressure 
of a saturated solution at 20°C. is 12 mm, and at 40°C., 33.2 mm, 

The a-pentahydrate is the stable form at all temperatures below 48.2°C. If any 
of the other forms are cooled to about ~35°C., they spontancously start to convert 
to the a-pentahydrate. The change then proceeds quite rapidly as the mixture is 
warmed to room temperature. 

Young and Burke (42) have described thirteen crystalline modifications of so- 
dium thiosulfate: one hexahydrate, two pentahydrates, one tetrahydrate, two di- 
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Fig. 1. Solubility of sodium thiosulfate in water. 


hydrates, one sesquihydrate, one four-thirds-hydrate, three monohydrates, one hemi- 
hydrate, and an anhydrous form, The solubility in water of the stable forms is shown 
in Table I and Figure 1. Solutions of sodium thiosulfate readily supercool consider- 
ably below their normal crystallization points, 
The boiling points of aqueous solutions have been determined by Gerlach (11). 
The density of solutions is as follows (14): 


NaeSeOa, Me. - ee eee 10 30 40 
ccc e ne e ee ee 1.0827 1.2739 1.3827 


The surface tension at 40°C. has been measured by Livingston, Morgan, and Sehramm 
(20). 

Data on the electrical conductance of aqueous solutions at different temperatures 
have been given by Watkins and Jones (41). 

Typical inorganic reactions of sodium thiosulfate are given in Table II. 
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TABLE IL. Typieal Inorganic Reactions of Sodium Thiosulfate. 








Rene ‘tants and conditions 


“Het uling to 800°C... 


Produc ts 


NazSOy, Naas; 











Strong heating in absence Of AP, ee NaeSOy, Nad, & 
eating in air, slow oxidation... .0....00,........  NagSO,, 8O,, ILO 

Tent plus reclucing agent (He, G, or rs). Senne cee e ae Naad, corresponding sulfide 
“Naseent” Hf, aqueous solution... ... 0060-0 eee Nass, ILS, 12.0 
Tilectrobysis of acicous soladion. oe 8,057 

Ty, aqueous solution... 2.00.6 eee NawSiOu, Nal 

Bre, aqueous solution... 6... es Ni VESOg, HBr, CNie8,O¢) 
Chi, aqueous solution. 00.000. eee NaHs0,, HCG i, (Nite Og) 
NaQcl, acid or NaHCO, solution......0....0..0.0. Naso, Ct 

NaOCl, dilute solution. .......0..0.0 200.0200 cee ee NiwSO,, Nasi, NaCl 
TINOs or KMnQg, solution. 0... 00000... HaSO,4 or NaHSO, 
NaNOn, dry heat... 20.00. ee eee May explode 

LITO or FeCl, solution... 0.0.0.0... eee ee eee NiwSaOg and/or NagSvOa 
HaQs, alkaline solution. 0.200.000.0000 000 Naed;On, NaeSO, 

FsOo, acetic acicl solution.... 06.02.02 eee eee NawSiOa 

ITCL, aqueous solution.......0...00. 000000000008: 80., 8, Nal 

NEC, boiling solution... 000... eee NH, 8O2, 8 

Na amalgam, aqueous Solution... ........0....0.204 NagSO;, Naas 


CuS, NaS, 


r inely divided Gu, boiling solution 

















MANUPFACTUR I 

It. is possible to prepare sodium thiosulfate, of varying degrees of purity, by a 
number of methods—many involving the use of by-products from the manufacture of 
other materials. Of particular historic] interest is the process formerly used for the 
recovery of thiosulfate from the alkali waste of the Leblane soda process (sce Vol. 1, 
p. 386) by atmospheric oxidation of this material in the presence of sodium sulfate, 
The purity of the product was stated to be 98% Nag.O;.5F20. In place of sodium 
sulfate, the more expensive carbonate was sometimes used, The reactions were as 
follows: 


a(SID2 + 2 Os ——> CaSaQ, + Tho 
CaSiOs -+ Nas, 





y Nadas + CaSO, 


The process offered a means of disposing of a highly objectionable waste and at the 
same time utilized a cheap and easy process. Until the Leblane soda process was sup- 
planted by the Solvay ammonia process, the alkali waste of the former represented 
essentially the only commercial source of “hypo” (21). 

A source of socditm thiosulfate today is from the waste sulfur liquor ohtained in the 
manufacture of sulfur black and other sulfur dyes (q.2.). In these processes organic. 
nitro compounds are boiled with a solution of sodium polysulfide which is almost 
completely converted to thiosulfate, Since the dyes are insoluble, they can be sepa- 
rated by filtration. The filtrate is purified with activated carbon and the thiosulfate 
obtained by concentration and erystallization. The product is stated to contain about 
96% NaSo03.5H20 (10,25). 

Another method of preparation is from sodium sulfide. Sulfur dioxide is passed 
into a dilute solution of sodium sulfide and sodium carbonate (not over 102% of each), 
and the following reaction takes place: 


NaeCOs + 2 Nas +- 4 S02 — 3 NawSaOg + C02 
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A German modification of this is to treat the mother liquor from sodium sulfide erystal- 
lization with sulfur dioxide until the mixture is just acid. An excess of sulfurous acid 
forms polythionic acids. The solution is neutralized with some sodium sulfide, clari- 
fied, filtered, evaporated to 50-52°R4. (approximately 800 grams NaaS.O, per liter), 
and transferred to crystallizers. The crystals are centrifuged and dried at 30-410°C. 
to give transparent colorless crystals analyzing 98% NaS:0;.5FL0 (10,34,25). The- 
reaction is: 
2 NaS + 3802 ———> 2 NaiO; +8 


If hydrogen sulfide is treated at 20-40°C. with a mixture of equimolecular parts 
of sodium sulfite and sodium acid sulfite, the following reaction can be carried out: 


2 Na8O; + 2 NaHSO; + 2 0.8 ———> 3 NwS.03 + 3 HO 


The yield is 95-96%. At higher temperatures the yield is decreased, or if the reagents 
vary more than 10% from the theory a serious drop in yield of thiosulfate occurs. 
The mother liquor is reeycled (44). NaHS and NaHS0O,; may he used in a similar 
reaction whieh has been commercially applied. 

Sodium thiosulfate can be obtained from spent iron oxide resulting from the puri- 
fication of coal gas. (See Vol. 8, p. 168.) The oxide is treated with hot caustie soda 
solution and the polysulfides so formed are oxidized, preferably by passing air through 
the solution countercurrently at or near the boilint point: 


Naas, + (), ————+ Niw8:0; 


Modifications utilize a solution of sodium sulfite or sodium carbonate and sulfur dioxide 
(46), 

An important commercial process is based on the reaction between sodium sulfite 
and sulfur: 


NaasOs + & ——~—> NasBids 


A slurry of sodium sulfite, prepared by treating soda ash with sulfur dioxide, is di- 
gested with an excess of sulfur until all sulfite is converted to thiosulfate. The thio- 
sulfate liquor is filtered, concentrated, and crystallized, the erystal slurry is centri- 
fuged, mother liquor being recycled, and the crystals are then dried, screened, and 
packaged, Plaim steel equipment is commonly used although steel alloys, Monel, 
glass, porcelain, stoneware, and Haveg may be usec if a completely iron-free product 
is required (3-4,37,13,10). 

Duriron, Hastelloy, Stellite, and most stainless alloy steels are suitable for han- 
dling sodium thiosulfate solutions. Lead is recommended for general photographic 
use. Monel, glass, porcelain, stoneware, and Haveg are completely resistant. Monel 
and nickel show slight attack in boiling concentrated solutions, Cast iron or plain 
steel should be avoided if iron contamination is not permisstble (27), 

Anhydrous sodium thiosulfate can be readily obtained by dehydration of a hydrate 
at a temperature not exceeding 105°C. or by crystallizing from solution at a tempera- 
ture above 70°C, 

As of 1954, there are five manufacturers of sodium thiosulfate in the U.S. and one - 
in Canada. According to the Bureau of the Census, the U.S. production in 1953, 
in terms of NaeS203.5H.O, was approximately 36,534 short tons. 

Prices of crystal sodium thiosulfate, Nas8.03;.5H2O, as of May, 1954, ranged from 
about five cents a pound upward, depending on the type of package, shipping point, 
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and quantity involved. Prices for the anhydrous salt. ranged from about seven conts 
a pound upward under the same conditions, 


ANALYSIS ANI) SPECIFICATIONS 

The thiosulfate content is determined by titration with standard iodine solution. 
The test for sulfate and sulfite consists in adding an excess of iodine solution and com- 
paring the turbidity produced by the addition of barium chloride in hydrochloric acid 
solution to that produecd from a known quantity of sulfate, The test for sulfide con- 
sists in adding a definite quantity of alkaline lead acetate whieh should procuee no 
dark color within one minute (limit is about 0.0002% as). While not specified, the 
reagent grade product should have at least 99% purity. 


Specifications for different grades ave given in Tables ITI-V. 


TABLE TET. Specifications for A.C.S. Reagent and USE P. Grades. 








Speeifieations AG, s. rement rade (28) P, grt wule 0) 
fnsuluble matter “Not more than 0.005% Nota more than 0.005 va 
Sulfate and sulfite (as 80.) Not more than 0.10% Not more than 0.10% 
Sulfide (as §) To pass test To pass test 
Neutrality” Max. 0.05 ml., 0.0 NV alkalinity No alkalinity: 

Max, 0.05 ml, 0.1 WV acidity Mux, 0.05 ml. 19. u Nac idity 





“5g. in 50) ml. Cc ‘Orlrce | LO, best ‘to phenalphthalein end point. 


TABLE IV. U.S. Federal Specification, Sodium n Thiosulfate, Photographic (38). 











Specific: ution ty ye U—anhysdrous (Nast00 
Assay Not Joss than 99, 0%, Not less than 97.0% 
as NwS.0..5HLO as NasSeOs 
Neutrality Not to exceed 0.016% as NaOTl Not to excecd 0,056% as NaQtt 
Not. to exceed 0.010% as TRSO, Not to exceed 0.010% as HaS0, 
Sulfide Not. to exceed 0.001% as Naas Not to exceed 0,002 % as NaS 
Tnsoluble matter and cal- Not to exceed 0.2% Not to exeeed 0.4% 
cium and magnesium, 
and material precipi- 
tated by ammonium 
hydroxide 
Heavy metuls Not to execed 0.001% us Pb Not to exceed 0.002% ax Ph 
Tron Not to execed 0.005% Not to excced 0.008% 
Appearance of solution Clear and free from sediment or undissolved solids. A slight floceulence 


muy be disregarded. 








6 Claas | ie anular cr “ystals, “class 2—rice or yetals 4 ov pr ismatic, 


TABLE V. U.S. Federal Specification, Sodium Thiosulfate (Hyposulfite), Technical (39). 














Spen fication ~ ‘ Grade A, gramalar Grade B, pe eryatuly ~~ 
Assay Not Toss ‘than 98.5% as Nak Os. 5H 0 “Not Jess than 97.0% ns NaokyO,.5 120 
Tnsoluble matter Not to exceed 0,025 % Not to exceed 0.025% 

Neutrality? Max, alkalinity equivalent to 3 drops Max, alkalinity equivalent to 3 drops 
0.1 N acid ON acid 
Max, acidity equivalent to 1 drop 0.1 Max, acidity equivalent to 1 drop 0.1 
N alkali N alkali 





a 5g. in 50 ml: COxfree H.0, toni t to phenolphthalein end point, 
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USES 


It is estimated that the end-use distribution of sodium thiosulfate was as shown in 
Table VI. 


TABLE VI. End-Use Distribution. 





Photography... 00.0.0. c ccc ccc cece eee cee v0% 
Leather... ...... Dect beet ety bet been e tend evra 18%, 
Tetracthyl lead... cee eee 7% 
Thioglycolic acid... ee eee 3.5% 
Paper and textiles. 0 es 2.5% 
Miseellancous including chemical 
and analytionl. 00... eee eee eee 6% 
Wixporte. eee tree eee as 3% 
0) cf 100.0% 





Thiosulfates are practically universally used in fixing baths in photography (q.v.) 
because of their ability to dissolve the unreduced silyer bromide left in the developed 
negative or print as soluble complex thiosulfatoargentates(I). The equation is: 

3 AgBr -+ 4 NastO; ————> Na,[Agi(S:03)4] + 3 NaBr 


Since the developing solution is alkaline and a certain amount is carried over ite the 
fixing bath, a weak acid (for example, acetic) is added to the latter for neutralization. 
To prevent decomposition of the thiosulfate, a small amount of sodium sulfite is added 
and a hardentug agent for the gelatin such as potassium alum. Thus a typical fixing 
solution may contain 20-30% of its weight of hypo, 3% of 28% acetic acid, 1% of 
anhydrous sodium sulfite, and 1% of potassium alum. If the chemicals of the fixing 
bath, particularly the hypo, are left in the negative or print, discoloration or fading 
(due essentially to the formation of silver sulfide) takes place on aging so their com- 
plete removal by thorough washing is important. To hasten this operation the use of 
neutralizing agents, such as dilute ammonia, has been recommended. These convert 
the thiosulfate to more easily removed salts. 

’ Solutions of sodium thiosulfate are utilized in practically every analytieal chemi- 
cal laboratory. However, the lack of stability over a period of time is ane of their 
main drawbacks. The U.S. Dispensatory states that 0.1 NV and 0.01 N solutions should 
be frequeutly restandardized, 0.005 N solutions should not be used if prepared more 
than seven days beforehand, and 0.0001 N solutions should be prepared on the day of 
use. This lack of stability has been the subject of much study. The decomposition 
is due to several causes, the most important being the action of thicbacteria, Small 
amouuts of carbon dioxide in the air dissolve to give a slight acidity which accelerates 
the formation of sulfur. A third agent is the absorption of oxygen from the air, 

In preparing standard thiosulfate solutions, it is recommended that the water, 
salt, and container be sterile. The water should be freshly distilled and the stock 
solution stored preferably in full, well-stoppered bottles in a cool, dark place. The 
addition of inhibitors, such as mercuric iodide (10 mg./l.), amyl alcohol (1% by 
volume), chloroform (1 ml./1.), sodium benzoate (0.1%), and mercuric eyanides (0.1 
g./1.), has been suggested. It has been claimed by Ehrlich (9) that the addition of 
0.05% sodium hydroxide and 0.1% sodium benzoate will maintain 0.1 N NaeS:O03 ni- 
changed for five months. However, of several inhibitors tested, mercuric iodide 
ane chloroform were found to be the most satisfactory by Rue (0), though they were 
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only eflective for about two months at 40°C. The pure anbydrous salt dried at 120°C. 
‘can be used as a primary analytical standard, 

Sodium thiosulfate is used in chrome leather manufacture where it is used to re- 
duce the dichromate to chrome alum (36). (See Vol. 8, p. 299.) Tt can also be used 
as an antichlor io newralize the residual chlorine in textiles and paper; for the ex- 
traction of silver from oves; in gold and silver plating baths; as a mordant for dyeing 
and printing of textiles; asa bleach for straw, wool, ivory, and oils; inthe preparation 
of silvering solutions; asa preservative against fermentation; to prevent the yellowing 
of suap on aging; in cosmetic preparations; and in chemical synthetics. For the use 
of sodium thiosulfate in the manufacture of tetraethyl lead see U.S. Patent 2,518,659 
(52), and Vol. 8, p. 277. 

A recent use has developed in the manufacture of thioglycolic acid (q.v.) for appli- 
cations in hair preparations as a wave-set. Presumably the thiosulfate is treated with 
sodium chloroacetate to give a Bunte salt (see p. 113): 





NnOOCCH.Cl -- NuadeOs — NaOOCCHASS8O;Na -+ NaCl 


This is easily hydrolyzed with mineral acid to give thioglyeolic acid: 
NaQOCCURSSO;Na + HO + HL80,——> HOOCCILSEH + 2 NallSO, 


See Vol. 12, p. 239. 

The application of sodium thiosulfate in medicine has heen extensively studied 
from early days. Originally it was believed that in contact with the skin i would 
liberate the sulfide ion and exert the parasiticidal effect of the sulfides, Tn only a few 
cases has it proved effective. Its use in swimming pools as a foothath in the form of a 
10% solution as a preventive of ringworm infeetion of the feet has been reported to 
have given excellent results. It has been recommended for the treatment of arsentcal 
dermatitis resulting from the use of arsphenamine. Although it is of questionable 
value as an antidote for arsenic, lead, and mereury poisoning, it has been found useful 
as wn internal antidote for poisoning by cyanides with which it forms a relatively non- 
toxie thioeyanate, and as an antidote for iodine poisoning. Favorable results have 
heen reported from internal use in the treatment of nonarsonical skin diseases, especi- 
ally evzema and urticaria. In vetermary use, it is an old remedy for tympanitis in 
horses and cattle. Externally it has been used in the treatment of ringworm and 
mange. Alternale treatments of a saturated sodiwmn thiosulfate solution and 1-59, 
hydrochloric avid have beeu found effective against fleas, lice, and sarcoptic mange. 

The use of anhydrous sodium thiosulfate as a substitute for the pentahydrate is 
“pidly inereasing. [t has the advantages of o saving of about 36% in weight and even 
more in bulk and has a better shelf-life in ready-mixed photographie preparations. 
It is, however, hygroscopic, 


Ammonium Thiosulfate 


Ammonium thiosulfate (“ammonia hypo”), (NU4)25203, formula weight 148.21, 
is becoming an important technical salt. It ocew's as anhydrous, colorless, or white 
tabular crystals, d}® 1.641, belonging to the monoclinic system. The solubility in 
water is 173 g./100 g. water at 20°C., 205 at 0°C., and 269 at 80°C. It is deliques- 
contin air and somewhat unstable unless kept under an almosphere of ammonia. This 
insoluble in ether ancl aleohol. Ou heating to 150°C., it sublimes with some decom- 
posi(ion into ammontum sulfite, sulfur, water, ammonia, and hydrogen sulfide. 
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Manufacture. Ammonium thiosulfate is produced by the reaction of a concen- 
trated solution of ammonium sulfite with ammonium polysulfide in the presence of 
an excess of ammonia at 30-55°C.. Ammonium bisulfite ean be added if desired. 
The reaction is: 

(NH4)803 + (NH4)2, —~—> (NHa)S.03 + (NHiabS.-1 


The solution is filtered to remove smal! amounts of sulfur, an additional amount. of 
ammonium hydroxide is added, and the solution is evaporated either under vacuum at 
low temperature, or in the presence of ammonia and ammonium sulfite in stainless 
steel equipment. The crystals are separated and dried in an atmosphere containing 
ammonia at about 50°C, The final product is stored in gastight containers under an 
atmosphere of ammonia (49,50,51,53), 

Other methods of obtaining it include the reaction of ammonium carbonate with 
valcium thiosulfate: 

(NITy)2CO3 + CuSO; ———> (NT4)8203 + CaCO; 


and the recovery as a by-product in the reduction of p-dinitrobenzene to p-nitroaniline 
by means of ammonium sulfide. 

Tn May 1954, there were three manufacturers of ammonium thiosulfate in the 
US. Price of a 60% solution ranged from about eight cents a pound upward de- 
pending on the type of container, shipping point, and quantity involved. 


Specifications. ‘The product is marketed either in the form of colorless or white 
glistening crystals, or in the form of a 60% uqueous solution. The U.S. Military 
Specifications for ammonium thiosulfate (for photographic use), MIL-A-1327, 3 
August 1949 as regards purity are shown in Table VII. 


TABLE VU. MIL Specification for Ammonium Thiosulfate, Photographic. 





ASSAY. 0000. g eee e eet eee eee ee NOt less than 97% (NH ye8203 
(NIG WSOg. 2c eee eee Not to exceed 2.0% 
Heavy metals... 0.0.0.0 0. eee Less than 0,002% 
Insoluble in water... 2.0... eee Not to exceed 0.1% (solu, shall be elear and Free 
from precipitates of any kind) 
Water or water vapor.............065 Not more than 1% 
pl (30 g. dissolved in 20 e. 
boiled distilled water).......-.....- Not less than 6.0 and not greater than 8.0 
Sulfides. ... 000... eee ees Free from sulfides 
Bulltre ce eee No free sulfur 





Uses. While ammonium thiosulfate has been recommended for use in iodometry 
and as a metal-cleaning agent, the main interest in it lies in the fact that it reacts con- 
siderably faster than sodium thiosulfate in-photographic fixing baths. For Hght work 
it reacts approximately twice as fast and for heavy work approximately four times as 
fast. It hag about twice the life of the sodium solution, that is, it can be used about 
twice as long before discarding. A somewhat shorter washing period is required. 
The recovery of dissolved silver salts from used solutions is simplified as the ammonium 
salts can be volatilized on heating. 


Other Metal Thiosulfates 


Many of the simple ueutral inorganic salts of thiosulfurie acid have heen prepared 
hut outside of the sodium, ammonium, calcium, and barium salts, they are of com- 
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paratively little technical interest. lixcept for the thallous, silver, lead, and barium 
salts whieh are sparingly soluble, they are moderately or very soluble in water. The 
ammonium, lead, and silver salts are anhydrous, but many of the others form more 
than one hydrate. The products are odorless, well-defined erystals which are rela- 
tively stable at room temperature. Aqueous solutions are generally stable in the cold 
and in the absence of air, Chemically they show the normal reactions of the thio- 
sulfate radical and the respective cation. 

The thiosulfates are formed by treating: a solution of calcium or barium thiosul- 
fate with the carbonate or sullate of the desired metal. The calcium or barium car- 
bonate or sulfate, which precipitates, can be filtered off and the desired thiosulfate 
erystallized from the filtrate. An alternate method is to mix a concentrated solution 
of sodium thiosulfate with the chloride of the desired metal aud separate the sodium 
chloride from the desired thiosulfate by fractional crystallization (5). 

Calcium Thiosulfate. Calcium thiosulfate (ealcium hyposulfite), Casy0s.611.0, 
formula weight 260.31, occurs in the form of triclinic crystals, d{® 1.878, refractive 
index 1.56, The solubility in water is 84.7 at 0°C., 49-4 at 20°, and 67.9 at 40° (ex- 
pressed. in grams of anhydrous salt per 100 grams of water) the solid phase being CaheQs. 
GHeO (45). Tt is insoluble in alcohol. At a temperature of 18°C., it is stable under a 
vapor pressure of water of 9-12 mm., but when heated to 80°C. it loses 5 moles of 
water. The free energy of formation of the hexahydrate is —602.2 kg.-cal./mole. 
On heating 2 solution to 60°C., decomposition starts with the separation of sulfur. 
The specific heat and free energy of solutions of caleiuin thiosulfate, as well as the heat, 
of reaction and free energy change for the reaction: 

§ (rhombic) + CaS8O;.2EQO ———> CathQs (AT) + 2 ERO 


have been given by Bichowsky (8). 

Calcium thiosulfate can be prepared by heating a suspension of calcium sulfite 
and sulfur in water to 80-40°C., or by boiling a solution of calcium hydroxide with 
sulfur and passing in sulfur dioxide until the liquid is decolorized, followed by evaporn- 
tion below 60°C. Tt can also be obtained by reducing calcium sulfate by sulfur; 
or by mixing concentrated solutions of sodium thiosulfate with calcium chloride, 
removing the sodium chloride first formed, concentrating at about 50°C., and allowing 
to crystallize at a lower temperature. Tt is formed as an Intermediate product in the 
oxidation of the alkali waste of the Leblanc soda process (see above), as an intermedi- 
ate product in lime-sulfur sprays, and in the sulfite quor of the wood-pulp industry. 

Caleium thiosulfate has becn employed in the treatment of dermatitis snd jaun- 
dice resulting from arsphenamine, 

Barium Thiosulfate. Barium thiosulfate (barium hyposulfite), BateO,.FL0Q, 
formula weight 267.51, is obtained as brilliant, white, crystalline plates of the rhombic 
system, dj" 3446, The solubility in wafer at 25°C. is 0.01135 molal (7). [i is in- 
soluble in alcohol, On heating to above 100°C. it becomes anhydrous. Tlealed to a 
red heat it deeomposes : 

6 Bas,0; ——-—> aS + 2 BaSO; + 3 BaSOs + 65 


Barium thiosulfate is easily made by mixing hot, concentrated solutions of sodium 
thiosulfate and barium chloride or barium acetate and allowing the mixture to cool. 
Tt has been used in the manufacture of explosives, matches, luminous paints, and as a 
convenient raw material for the preparation of other thiosulfates. ‘The hydrate dried 
at 25-30°C. has heen recommended as a primary standard in iodine titrations. 
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Complex Thiosulfates 


The thiosulfates form numerous complex salts of several different types. It 
has been reported that there can be, at least in the solid state, two potassium so- 
dium thiosulfutes, KOSO.8Na.2H.0 and NaOSO.SIX.2H.0O. These melt at 57° 
and 62°C., respectively, have densities of 1.970 and 1.930, and solubilities of 213.7 and 
205.3 parts per LOO parts of water at 15°C, Proof of the structures lay in the reaction 
with ethyl bromide which in oue case gave KOSOSCH; aud in the other, NaQSQs- 
SCeH;s (33). 

Itxamples of double salts are: Wy8.0,.NaCl, (NoFE)o. HeSeOy.CurS,05.15H20, 
Nash.0;.Cu8.0;,.2NH, (from the action of gaseous ammonia on NasSuOs.CusseQs. 
2I1,0), and NaNO. NasSeO;.CaSeO;. L120. These complex salts are generally formed 
by crystallization from solutions of the individual salts under proper conditions. 
For further information, reference should be made to Mellor (24). 

The silver and gold coordination complexes are of special interest aud have been 
studied fairly extensively, The series of éhdosulfatoargenates(I) (argentothiosulfates) 
ure of importance in photographic reactions. Mees (23) lists the various sodium thio- 
sulfatoargenates(I) for which there is apparently reliable evidence. Probably all 
these compounds exist as hydrates. It is doubtful, however, whether all the corre- 
sponding anions exist in solution. Some of the salts and their solubilities are: Na- 
{AgseOs], slightly soluble; Nas{Agi(S203)5]; Nas[Ags(S20s).], easily soluble; Nase 
[Age(82O3)3], easily soluble; Na;[Ag(§.OQ3)2]. Bassett and Lemon (1) have given the 
results of their study of the system NaS.O0;-Ap.S20;-H,0 in the form of a phase dia- 
gram, 

Sodium thiosulfatoaurate(I) (sodium aurothiosulfate, gold sodium. thiosulfate), 
N.F. EX, Nag[Au(8.0)0].2H.0, has long been known, but only since 1924, when it was 
introduced under the name Sanocrysin for the treatment of tuberculosis, has it been of 
cousiderable interest. Tt is prepared by adding aurie chloride to a concentrated solu- 
tion of sodium thiosulfate. The gold is reduced to the aurous state in this process, 
after which the complex is precipitated with aleohol. The product is in the form of 
white glistening crystals, needle-like or prismatic, which are soluble in water but in- 
soluble in alcohol. Tt has proved effective in the treatment of rheumatoid arthritis and 
lupus erythematosus. 


Esters 


O-listers of thiosulfuric avid are not known. S-Esters are known as their ester 
salts. Sodium ethyl thiosulfate, ChHSSQ.0Na, is known as Bunte’s salt, after its 
discoverer. Bunte-type salts, RCH,SSO.0M, generally form beautiful cryslals which 
are soluble in water and alcohol but insoluble in ether. The free alkyl or ary! thiosul- 
furie acids are not stable. 

Mineral acids generally hydrolyze the alkali metal salts of thiosulfuri¢ esters into 
amercaptan (thiol) and the hydrogen sulfate: 


RCH.SSO.0Na + HG —-—> RCH.SH +- NaHS, 


This is a commonly used lahoratory procedure for preparing thiols and is usecl com- 
mercially for preparing thioglycolic acid (see p. 110), Tf chlorine is present a sulfonyl 
ehlovide is formed: . 


RCHASS80,.0Na. + 3 Cle + 3 HO > RCHSO.C1 + NaHS, + 5 HCl 
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Salts of monoalkyl thiosulfate esters are formed by the reaction of a saturated 
primary alkyl halide with a thiosulfate: 
RCH,C! -++ NaSSOQ,0Na ————> RCILSSOL.0Na + NaCl 
Bunte’s salt is also formed, although in low yields, when iodine aels on a mixture of 
the sodium mercaptide and sodium sulfite: 
CLHLSNa -+ NaSOwNa + Iz 





> Call sS8O3N 1 4- 2 Nal 


Numerous variations of the Bunte salt; reaction have been deseribed. For ex- 
ample, sodium thiosulfate can be reacted with halogenated futty acids that have pre- 
viously been esterified with saturated or unsaturated aliphatic, hydroaromatic, or 
aliphatic-aromatic alcohols containing at least six carbon atoms (48), for example: 

Cpl ,OOCCHECL - NaSvOQ3 —— Cyl, OOCCELSSQO,Na -k NaCl 


The products are claimed to have soap-like properties. 

Other compounds are based on coudensations of such raw materials as lauryl 
chloromethyl ether to give wetting or penetrating agents suitable for use in acid wool 
dye-baths (47). Substituted benzyl chlorides can be concensed to give the respective 
sodium thiosulfate esters (85). Sodium thiosulfate is used in chrome leather manu- 
fachare to reduce the dichromate to trivalent chromium (36). 

Tt is possible to prepare other types of thiosulfate esters. For example, Mazover 
(22) treated BrCH,CInCH,Cl with Na8.0, 10 give CHL(CILA,OsNa)». 

The sodium and potassium salts of phenyl thiosulfate have been prepared (2). 
The pyridine salt of phenyl thiosulfate is readily obtained in practically quantitative 
yield by sulfation of thiophenol with pyridine-sulfur trioxide: 


CH SU + C,HsN.80; —— > CyHsSo0o( Csl:N IL) 


‘Lhe pyridine salt can be readily converted to the sodium or potassium salt: by reaction 
with sodium or potassium ethylate in alcohol. The potassium, dicthylamine, and 
wniline salts of 2-naphthyl thiosulfate and the potassium salt of T-anthraquinovyl 
thiosulfate have been prepared in a similar manner (8), 

Del Pianto (6) has reported favorably on the use of a mixture of sodium ethyl 
thiosulfate and sodium mercaptobenzothiazole-5-sulfonic acid in the prevention and 
treatment of tuberculosis, although neither compound alone showed much action. 

Salts of amines with thiosulfuric acid have been prepared and have been referred 
toas esters, Cyclohexylamine thiosulfate has been prepared by treating N-methylene- 
cyclohexylamine in ethyl alcohol with hydrogen sulfide (1), An alternate method is to 
saturate cyclohexylamine in ethyl aleghol with hydrogen sulfide and oxidize the mix- 
ture with air, Morpholine thiosulfate was obtained by allowing morpholine to stand 
in contact with sulfur and air at room temperature for three weeks (28), 
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2-THIOURACIL, NELCS.NE.CO.CHCH. See “Antithyroid substances’? under Thy- 
Lo ne ete eee ee eel 


rou and andithyroid preparalions. oO 
THIOUREA, NHyCSNH. See Anino resins und plusties, Vol. 1, pp. 744, 749; Urea 
(derivatives), 
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THIURAM SULFIDES. See “Accelerators of vulcanization’ under fubber chemicals, 

THIXOTROPY. Sce Colloids, Vol. 4, p. 239; Rheology, Vol. U1, p. 741. 

THIYL RADICALS, RS: Sce Sulbfides, organic, Vol. 18, p. 295. 

THOMSONITE, NaCas(AlsSisQm).GH2O. See Silica and silicates (mineral), Vol. 12, p. 
27%), 

THONZYLAMINE HYDROCHLORIDE, CyHaNoN (CHLCsHOCH,)CHLCULN (CTH 3)o.- 
Wal See Histamine and antihistamine agents, Vol. 7, p. 472. 

THORIATED TUNGSTEN. See Macwim lubes. 

THORITE, ThSiOg. Sce Saliea and silicates Gnineral), Vol. 12, p. 279. 


THORIUM AND THORIUM COMPOUNDS 


Thorium, atomic number 90, atomic weight 282.05, is the second clement in the acti- 
nide series of the elements (the second rarc-earth-like series beginning with actinium), 
It is one of the naturally occurring radioactive elements and is the parent of the tho- 
rium disintegration series (see Radioactive elements, natural, Vol. 11, p.438), Although 
the natural occurrenee of seven isotopes of thorium has been demoustrated (nasses 
227, 228, 229, 230, 231, 232, and 234) and that. of an cighth (mass 285) has beeu in- 
ferred, Th?" is the commonly occurring isotope. Sec also Uranium, 

Thorium is a heavy metal, and in its compounds is tetravalent. Its compounds 
most closely resemble those of tetravalent cerium, and beeause of hydrolysis resemble 
those of tetravalent (ilanium, gircontum, and hafniun., In many compounds, thorium 
resembles the rare earths, for example, in the insolubility of the fluorides, carbonates, 
hydroxides, oxalates, and phosphates. Thi aqueous solutions, thorium exists in com- 
plex ions, often of indeterminate composition. Thorium is basic, resembling ceric 
cerium in basicity, 

Thorium is always associated in nature with the rare earth claneuts, and their 
presence complicates the commercial extraction of thorium from thie ores. 


ANALYSIS 


Thorium is generally determined by weighing the oxide obtained by the ignition 
of Le hydroxide or oxalate. Small amounts of thorium may be delermined colori- 
metrically in some applications with 1-(o-arsonophenylazo)-2-naplthol-3,6-disulfonic 
acid (17). lu mineials in which thorium is in equilibrium with its radioactive daughter 
products, ih may be determined raciometrically if allowance is made for radioactivity 
clue Lo amy uranium present, 

Rocks and mmerals are usually brought into solution hy fusion with sodium per- 
oxide, ammonium hydrogen fluoride, or potassium bisulfate, followed by the usual 
analytical techniques to obtain a solution of the thorium. <A preliminary isolation of 
thorium and rare earths is made by oxalate or fluoride precipitation. Thorium is then 
separated from the thorium — rare earth mixture by precipitation of thorium todate, 
thorium pyrophosphate, thorium peroxide, or organie thorium salts such as thorium 
m-nitrohenzoate, thorium benszcnearsonate, or thorium sebacate, or by fractional ba- 
sicity precipitation of thorium hydroxide with hexamine (hexamethylenctetramine) (5). 
Thorium may also be conveniently separated from rare earths by extraction with 
mesityl oxide(8). A. general method of wide versatility is lo isolate the rare carths 
and thorium as oxalates by precipitation from slightly acid solution, After reprecipila- 
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tion of the oxalates to remove traces of heavy metals and phosphate which may be 
present, thorium is precipitated with hexamine from a neutral chloride solution of the 
oxides obtained by igniting the oxalate precipitate (12). 

Monaaztte is analyzed for thorium by opening with sulfuric acid digestion or so- 
dium peroxide fusion, followed by isolation of thorium by precipitation as iodate, or 
by isolation of thorium hydroxide from a solution of mixed thorium ~ rare earth oxa- 
lates by precipitation with hexamine. The final determination is made by precipitat- 
ing thorium oxalate and igniting this to thorium oxide. 

Thorium analyses are among the most difficult to make, since many of the thorium 
salts that can be used to isolate thorium by precipitation are either appreciably soluble, 
or do not completely separate thorium from accompanying materials, For example, 
thorium oxalate precipitation neatly separates thortum from many common clements, 
but it does not separate it from rare earths, and the precipitate is appreciably soluble. 


OCCURRENCI 


The earth’s crust is estimated to contain 10-15 p.p.m. thorium. Found in many 
minerals, thorium is always associated with varying wumounts of rare earths and often 
with titanium, niobium, tantalum, and uranium, The only mineral of economie 
importance is monazite, a rare earth — thorium orthophosphate; it is also the principal 
ore of cerium and the rare earths (see Cerium; Rare earth metals). 

Monazite occurs as monazite sand in stream and beach placers, rarely in vein 
and pegmatite deposits. Commercial monazite sand deposits are found in Travancore, 
India, and Espirito Santo, Brazil, and in Idaho, North and South Carolina, and Florida, 
Massive monazite is mined from deposits in the Van Rhynsdorp district in the Union 
of South Africa. Monazite varies considerably in thorium content. Although 
monazites contain from 1 to over 20% ThOs, commercial monazites contain from 3 to 
9% ThOQr: Idaho monazite, 3% ThOe; Florida monazite, 4% ThOs; Brazil, Carolina, 
and South African monazites, 6% ThOs; and India monazite, 9% ThO: Commer- 
cial monazites contain 45--65% rare earth oxides in addition to thorium. 

Until about 1920, monazite was of value solely for its thorium content, which was 
used largely to make incandescent gas mantles. Since about 1920, the rare earth 
content of monazite has been of more importance and the unit price of monazite is 
based on its content of rare earth oxide or the total of the thorium and rare earth 
oxides, Before World War IT, monazite sold for about $50 per long ton, but since the 
war this price has risen to $800-450 per long ton, the values depending on the quality 
of the ore in terms of its content of rare earth oxides. 

Other thorium minerals are: thorite, ThSiOQ,; thorianite, (Th,U)O.; euxenite 
and samarskite, complex niobate-tantalates of the rare earths, uranium, thorium, 
wireonium, calcium, and magnesium; and gadolinite, a beryllium—iron—thorium—rare 
earth—silicate, 


EXTRACTION 


The methods of extracting thorium from monazite ores are concerned mainly 
with the separation of thorium from rare carths and from phosphate. 

The treatment of monazite ores to isolate crude thorium intermediates is the same 
as that required to extract rare earths from the ores (see Vol. 3, pp. 638-39; Vol. 11, 
p. 506). The processes used commercially are varied and are carefully guarded arts. 
However, most processes start with the isolation of a crude thorium residue which is 
either processed further to make purified thorium materials, or is stockpiled if rare 
earth production overbalances thorium production. Usually the crude thorium 
residuc is a phosphate (11), pyrophosphate, oxalate, or basic thorium salt precipitate. 
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Starting with monazite ores containing from 45 to 65% rare carth oxide and 3 to 
8% ThOs, the initial thorium residue obtained from the first bulk separation of rare 
earths from thorium contains about equal parts of thorium and rare earths. ‘The sub- 
sequent commercial purification steps fmally produce thorium compounds, such as 
thorium nitrate, or thorium oxide, which contain 20-200 p.p.m. rare earths. 

The purification steps used depend on the nature of the thorium residue. Some 
of the more important processes are as follows (1): 

The addition of sodium carbonate to impure thorium solutions precipitates a 
basic thorium carbonate mixed with rare earth carbonates. With an excess of sodium 
vavbonate, the thorium carbonate dissolves, forming a soluble complex carbonate. 
Since the solubility of rare earth carbonates in excess alkali carbonate ts small, a 
separation from rare earths is accomplished. In addition to thorium carbonate, 
several other water-insoluble thoritm salts are soluble in excess alkali carbonate, 
notably thorium fluoride (20,21). 

Similarly, the addition of alkali oxalates to crude thorium solutions first precipi- 
tates a mixture of thorium and rare earth oxalates. Lf cxeoss allcali oxalate is added, 
the rare earth oxalates remain largely insoluble, while thorium oxalate forms soluble 
complex oxalates. 

Although both thorium fluoride and rare earth fluorides are quite insoluble in 
acid solutions, thorium fluoride has a lower solubility. This difference in solubility 
is sufficient to allow thorium fluoride to be fractionally precipitated from thorium 
“are earth solutions with hydrofluoric acid (22). 

Both thorium- and rare earth—hydrated sulfates ure sparingly soluble in water, 
but the differonce in solubility is relatively great, thorium sulfate being the least 
soluble below 45°C. Fractional crystallization of thorium sulfate at: low tempera- 
tures effects a separation from rare earths (1), 

In practice, & combination of purification methods is used, and the process is 
cormaplicated because of the many chemical conversions required to change from one 
thorium salt to another, 

After purifieation, the thorium is finally obtained as a basic carbonate or hydrox- 
ide. This is dissolved in nitric acid and crystallized to obtaiu thorium nitrate approxi- 
mating the composition Th(NQs)4-4H.0, the principal commercial thorium salt. 

More recently, solvent extraction procedures have received attention for the re- 
covery and purification of thorium from aqueous solutions. Higher alcohols and ke- 
tones preferentially extract thorium from rare earth nitrates (35). Tixtraction of 
thorium with 1-butanol from thiocyanate solution also appears to be an effective 
procedure for separating thorium from rare carths (82). The gencral behavior of 
thorium in organic solvents has been discussed by Yalfe (36), Templeton and Fall 
(4), and by Bock and Bock (38). 


Thorium Metal and Thorium Alloys 


PROPERTIES 
Fresh surfaces of thorium metal are white, but these oxidize in air to dark gray 
or black coatings. The hardness of the metal is comparable to that of annealed copper. 
Thorium is malleable and can be machine-rolled, cold-worked, and drawn into wire 
(10). The metal hardens on working, and its tensile strength is low. 
The structure of the metal is face-centered cubic. Densities are 11.6 g./eu.cm. 
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for massive metal, 11.3 g./cu.cm. for sintered metal, and the x-ray density is 11.7 
g./cu.cm., (10,16). The melting point of thorium is 1840 + 20°C, and the boiling 
point is about 4500°C. 

Water and alkali solutions do not appreciably attack thorium metal. It slowly 
reacts with sulfuric, nitric, and hydrochlovie acids to form soluble salts. The rate of 
reaction of thorium metal (and some of its refractory compounds such as the oxide) 
with nitric acid is materially increased if traces of fluorides are added (29). The 
powdered metal ignites easily in air. Chlorine, bromine, and iodine react with the 
metal above 450°C., giving the corresponding halide ThX,. Hydrogen and nitrogen 
form, respectively, hydrides and nitrides, ThyN, and ThN, above 600-650°C. Sulfur 
and hydrogen sulfide react at elevated temperatures giving the sulfides ThS and ThSs. 
Thorium metal is an active reducing agent, comparnoble to aluminum and magnesium 
in activity. 


PREPARATION OF THORIUM METAL 

Starting materials for thorium metal preparation are anhydrous thorium halides, 
potassium fluorothorate, and thorium oxide. 

From thorium chloride, the metal can be prepared by reduction with sodium (6), 
and by reduction with alkaline earth metals (4), or the double potassium thorium 
chloride 2KCLThC], (see p. 120) may be treated with sodium. With thorium chlo- 
ride, the preferable method is to electrolyze the anhydrous salt in a fused mixture of 
sodium and potassium chlorides; the metal is obtained as a powder which is washed 
free of salts with water, dried, and sintered to form the massive metal. Anhydrous 
potassium fluorothorate, K'ThE;, (see p. 121) ean also be similarly electrolyzed in a 
melt of sodium and potassium chlorides at 750-800°C., in a graphite crucible with a 
molybdenum cathode, to obtain powdered thorium metal (2,15). 

Thorium oxide can be reduced in a bomb at about 1400°C. with sodium or cal- 
cium, or by mixtures of caleium or magnesium with calcium chloride or magnesium 
salts (9,13,23,28). Calcium reduction gives a good grade of metal, but magnesium 
reduction gives a low-grade powder. Reduction of the dioxide with carbon results in 
a metal with a high carbou content, and reduction with aluminum gives alumimum- 
thorium alloys. Thorium can be prepared from thorium oxide using calcium hydride, 
Calh, with hydrogen in retorts at atmospheric pressure. Subsequent cooling in 
vacuum gives a 99% pure thorium powder after leaching with water to remove cal- 
cium hydroxide (80). 

By the Arkel-deBocr process, massive thorium can be made by the thermal de- 
composition of thorium iodide (19). 

Powdered thorium metal is made directly by electrolysis of anhydrous thorium 
chloride or double potassium fluorothorate. From the massive state, it can be made 
by converting the metal to the powdery thorium hydride ThH;~,, and then removing 
hydrogen by heating in a vacuum at 700°C. (1). Thorium metal powder can be 
sintered in a vacuum, and the sintered metal can be forged into massive forms. 

Commercial thorium metal is available in powder or massive forms in purities 
over 99%; the impurities are largely traces of silicon, iron, and thorium oxide. 

Thorium metal is used with tungsten or nickel electrodes in gaseous discharge 
lamps such as high-intensity mercury lamps and cold-cathode germicidal lamps. 
Thorium is useful in such applications because of its low work function and high elec- 
tron emission properties. 
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THORIUM ALLOYS 


Although thorium alloys with many metals, the only commercially significant 
alloys are those with ¢ungsten and magnesium, ‘Tungsten-thorium alloys have been 
usa as filaments in ineandesvent lights and in photoelectric cells. 

Magnesium-thorium alloys containing 3%, thorium and 1% zirconium have out- 
standing high-temperature strength. They have the highest creep vesisiance at 500- 
600°F, of any magnesium alloy (9). 





Thorium Compounds 


Thorium is tetravalent in all its important compounds; other valences are rare. 
or nouexistent. "The thorium ion is colorless, Hydrolysis is eommion, but hydroxides 
or basic sults are usually not precipitabed unless the solutions are very dilute. tn 
concentrated solutions of low acidily, thorium exists as ThO?+ or TRCOTL)?* tons and 
possibly as polynuclenr thorium eomplex ions. The constitution of the complex 
salts of thorium is uncertain; the complex fluorides may contain anions such as penti- 
fluorothorate, ThYs, but the other complex conrpounds may well be double salts. 


Thorium Carbonates. 


The addition of alkali or ammonium carbonate to thorium solutions precipitates 
a basic carbonate, approximately ThOCO:, 8120, The normal anlydrous carbonate 
cannot be made from aqueous solution.  Vscess alkali carbonate dissolves thorium 
carbonate, forming complexes such as Naagl/Ph(COs)s].f21RO and (NE) [Th(COs)s |, 
61.0. Thorium carbonate is auselul intermediate in the preparation of other thorium 
compounds. 


Thorium Halides. 


Thorium chloride, ThCl, formule weight 373.95, is made in hydrated form by 
crystallizing a solution of thorium hydroxide or earbonate th concentrated leydro- 
chloric acid. Sufficient acid must be present during crystallization to prevent hydroly- 
sis and the precipitation of basic thorium chloride. Thorium chloride is extremely 
soluble in water, and is hygroseopic. The solution of thorium hydroxide in insufficient: 
hydrochlovic acid to form the normal salt forms soluble hydrated hydtoxychloricdes 
such as Th(OH).Ck SHO. Double alkali metal and ammonium chlorides of the 
type KCLThHC], and 218C1L THC exist but are nol important. 

Anhydrous thorium chloride is prepare by the action of phosgene or carbon betra- 
chloride on heatdd thorium oxide, or by the dehydration of the hydrated chloride with 
ammonium ehlovide at 650-700°C. Anhydrous thorium chloride sublimes at about 
750°C., melts at 770°C., and boils at 921°C. Tt is important in the prodnetion of 
thorium metal. 

Thorium bromide, ThRr,, and iodide, ThI,, exist but are not importaut. They 
are made by the action of bromine or iodine on thorium metal. Anhydrous thorium 
bromide is also made by heating thorium oxide with carbon ina stream of bromine. 

Thorium iodate, Th(TO;),, formuly weight, 931.80, is precipitated whon solutions 
of thorium salts are treated with aqueous potassium iodate. The precipitate is in- 
soluble in 4 NV nitric acid, whereas the rare earth iodates are soluble, and for this reason 
it is important in thorium analysis. Thorium iodate is similar to cerie jodate. 
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Thorium fluoride, Thl';.SH.0, formula weight 452.24, precipitates when hydro- 
fluori¢ acid or a soluble fluoride is added to thorium solutions. Most of the water of 
hydration is lost on drying, and on ignition, thorium oxyfuoride, ThOF:, and finally 
thorium oxide, ThOs, are formed. Thorium fluoride is insoluble in mineral acids and 
excess hydrofluori¢ acid. Anhydrous thorium fluoride is made by heating thorium 
oxide, or anhydrous thorium halides, in a stream of anhydrous hydrogen fluoride. 
With sodium and potassium fluorides, thorium fluoride forms fluothorates such as 
KThI; and KaThIs. These are prepared by fusing thorium fluoride with the alkali 
metal fluoride, or by adding hydrofluoric acid to thorium solutions containing the 
alkali metal fluoride. 


Thorium Hydrides. 


Heating thorium metal in hydrogen at 400-G00°C. forms the dihydride, ThHg. 
At 100°C., the dihydride absorbs hydrogen, forming ThH,-4. At temperatures above 
700°C., the hydrides dissociate to thorium metal. Thorium hydrides when pure react 
slowly with water and iguite spontaneously in air, 


Thorium Nitrate. 


Thorium nitrate approximating the composition Th(NQOs)44120 is erystallized 
from slightly acid solutions made by tieating thorium carbouate or thorium hydroxide 
with nitric acid. Tt is very soluble in water, and is the chief commercial thortum 
compound. Hydrates with 2, 4, 5, 7, and 12 molecules of water are known, Double 
nitrates with alkali and alkaline earth metals are known but are not important. 


Thorium Oxalate. 


Like the rare earth oxalates, thorium oxalate is insoluble in water and dilute 
acids. It is obtaimed by the addition of oxalic acid or alkali oxalates to: thorium 
solutions, from which it precipitates as a finely crystalline hydrate, Th(C.O.4)2.6H20. 
With excess alkali and ammonium oxalate, thorium oxalate is dissolved, forming solu- 
ble complex salts such as CNH4)4[Th(C.O.)4].4He0. 


Thorium Oxides and Hydroxide. 


Thorium hydroxide, Th(OH),, formula weight 300.15, is extremely insoluble in 
water (solubility product 10-) and is precipitated by the addition of alkali and am- 
monium hydroxides to aqueous thorium solutions. It can also be prepared by the 
action of alkal hydroxides on insoluble and sparingly soluble salts such as thorium 
sulfate and thorium oxalate. Freshly prepared, undried thorium hydroxide readily 
reacts with acids to form soluble thorium salts. On drying, thorium hydroxide 
gives hydrated thorium oxides of variable composition which are less reactive. 

Thorium oxide (thoria), ThOs, formula weight 264.12, is made by roasting 
thorium hydroxide or thorium salts of volatile acids, such as thorium oxalate or thorium 
nitrate, The oxide is a white powder, and its bulk depends on its method of prepa- 
ration. Ignition of the oxalate gives a relatively bulky powder, but thorium nitrate 
und sulfate give dense powders, Thorium oxide has the highest melting point of any 
oxide (about 3220°C.), and its boiling point is about 4400°C. Fused thorium oxide 
is made from the powder by fusion in an induction or carbon are furnace. 
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Thorium peroxide, Th.0;.4H.0, formula weight 648.30, is precipilated when 
hydrogen peroxide is added to slightly acid, neutral, or slighlly basic solutions. The 
composition of the precipitate is variable, and it contains anions from the solution. 
The compound ThOO80..3H20 is precipitated from hot dilute sulfuric acid solution. 
Thorium peroxide precipitation is sometimes used analytically to separate thorium 
from rare earths. 


Thorium Phosphates. 


Thorium orthophosphate, Th;(P0,)4.4H20, formula weight. 1148.3-4, is precipitated 
from acid thorium solutions by soluble orthophosphates or orthophosphoric acid. It 
is a gelatinous precipitate, soluble in concentrated acids and large excesses of phos- 
phorie acid. 

Thorium pyrophosphate, ThP.0O;.27,0, formula weight 442.11, is precipitated 
from acid thorium solutions by alkali pyrophosphates. It is a useful salt for sepa- 
rating thorium from the rare earths, since rare carth pyrophosphates are soluble in 
acid solutions. Tixcess alkali pyrophosphates dissolve thorium pyrophosphate, foun- 
ing complexes such as Nag[Th(P207),]. 


Thorium Sulfate. 


Thorium sulfate, Th(SOs:, formula weight 424.25, 1s precipitated in hydrated 
form as fine crystals when sulfuric acid is added to thorium nitrate or thorium chloride 
solutions. A+ temperatures helow 43°C., the enneahydrate, Th(SO.)2.9FO forms, and 
above 43°C, the tetrahydrate is obtained. The hexa- aud octahydrates are also 
known. <All form the dihydrate on drying at 100°C. Anhydrous thorium sulfite is 
made by drying the hydrated salts at 400°C., ov by heating thorium oxide, hydroxide, 
or carbonate with concentrated sulfuric acid. Thorium sulfate is moderately soluble 
in water. The solubility of the enneahydrate Increases with temperature, but that. of 
the tetrahrydrate decreases with increasing temperature. 

Double sulfates of the alkali and alkaline carth sulfates with thorium sulfate are 
known. These salts are more soluble than thorium sulfate. 


Thorium Sulfides. 


Thorium forms several sulfides which are interesting because of their refractory 
nature. Heating thoria in hydrogen sulfide at 1200-1300°C. gives thorium oxysulfide, 
ThOS, which is converted to thorium disulfide, ThSs, on continued heating in hydrogen 
sulfide. When heated to 1950°C., ThSe is converted to the lower sulfides Thy and 
Th Sy. Sulfides lower than Ths, can be made by heating Th. with the proper amount 
of thorium hydride, first at 400-00°C, to decompose the hydride, and then at 2000- 
2200°C. to form the sulfide. All of these sulfides can be made by heating thorium 
hydride with hydrogen sulfide, first at 400-f00°C., and finally at 1800-1900°C. after 
grinding the intermediate product (8). 

All of the thorium sulfides may be used for high-temperature refractory contuiners 
in & vacuum or in inert atmosphere at temperatiures up to 1500-2200°C. They are 
slowly attacked hy dilute acids, but in the sintered form they are stable in air and in 
hoiling water. 
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GRADES AND SPECIFICATIONS 

Lhe several grades of thorium nitrate available commercially are all highly puri- 
fied materials, Variations in grades are largely a matter of differences in the content 
of impurities. The usual thorium nitrate of commerce approximates the composition 
Th(NOs;)4.4H2O, and analyzes 46-47% ThO,. Impurities are present in the following 
approximate amounts: rare earths, 0.002-0.01%; PsOs5, 0.001-0.05% ; Fe:Os, 0.0001- 
0.020%; CaO and MgO, 0.2-0.1% each; SiOs, 0.004%; Cl, 0.001%; and alkali metal 
salts, 0.05-0.2%. ‘“Mantle-grade”? thorium nitrate contains sulfate (0.5-1% 8Qs), 
which is intentionally added (see Vol. 8, p. 195). 

Thorium oxide is uext to thorium nitrate in importance. It is made commercially 
in grades approximating those of thorium uitrate, and in varying degrees of apparent 
density. Thorium fluoride, thorium chloride, thorium carbonate, and thorium sulfate 
are of lesser importance. 


ECONOMIC ASPECTS 

From 1900 to about 1920 when the gas-mantle industry was in its prime, thorium 
nitrate was the only important product obtained from monazite ore. Relatively 
small amounts of rare earth materials were obtained as by-products from the refining 
of thorium nitrate. As use of the gas mantle declined after about 1920, thorium 
became a by-product of rare earth refining. 

Thorium nitrate prices for large lots in 1954 were about $3 to $4 per pound de- 
pending on the purity of the preparation. Considering the cost of monazite ore, it is 
apparent that this price structure is based on at least a partial balance between the 
production of rare earth and thorium compounds, since both are obtained primarily 
from monazite. Thorium oxide prices range from $7 to $8 per pound, the cost varying 
with the purity. 

The mining, possession, sale, and purchase of thorium materials are controlled 
by the Atomic Energy Commission. 

USES 

Tn spite of widespread use of electricity for Wlumination, the largest single com- 
mercial use for thorium is its utilization as thorium nitrate in the manufacture of gas 
muuntles (see Vol. 8, pp. 192-97). 

The atomic energy use of thorium materials is based on its conversion by an 
(n,y) reaction to fissionable V2: 

. a~ B- 
on Lh28°( 74, yoo Th23? —-——>_ Pa?** ————+ 9[J288 
23 min. 27 days 

Thorium oxide is used in silica-free rare element optical glass (24,25,26), aud tho- 
rium fluoride has been suggested for the same application (27). The high melting point 
of thorium oxide makes it valuable for crucibles and refractories for high temperature 
service (1-4). 

Thoriated tungsten consists of 1~2% ThOs dispersed in a tungsten matrix, and is 
made by adding thorium nitrate to tuugstic acid hefore reduction to the metal. It has 
a low work function and high electron emission, and therefore is important as a fila- 
ment in electron vacuum tubes. The presence of thoria also stabilizes the crystal 
growth of tungsten in the filament, and such filaments are used in lamps which are 
subject to vibration. Thoriated tungsten is also used for-noncongumable electrodes 
in inert-gas-shielded are welding. 
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Although colloidal thoritm oxide sols have been used as shadowing agents for 
human radiography, this use has dwindled because the natural radioactivity of thorium 
may have contributed to the formation of cancers. Thorium oxide makes « good 
optical glass polish, and in a crude form was used for this purpose during World War TT 
by the Germaus, but if cannot compete with conventional optical polishes such as 
ceric oxide, rare earth oxide, and rouge. Thorium oxide can be used as a dehydro- 
genation eatalyst for the preparation of ketones from monocarboxylic acids, and for 
the conversion of aleohols to ethers or olefins. In the laboratory, thorium nitrate is 
used as a reagent for the volumetric determination of fioride. 
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THORTVEITITE, ScSi.0;. See Silica and silicates Gnineral), Vol. 12, p. 279. 
THREITOL, CHLOM(CHOH)CHLOH. See Alcohols, polyhyeric, Vol. 1, p. 322. 
THREONINE, CH,CH(OM)CH(NHg)COOH. See Amino acids, Vol. 1, pp. 719, 720. 
THREOSE, CyF1g0,. See Sugars (survey), Vol. 18, p. 232. 

THROMBIN. See Hemostatics, Vol. 7, p. 420. 

THUCHOLITE. Sec Uranium. 


THUJANE, City; a(and §)-THUJENE, CyI1,5. Sce Hydrocarbons, Vol. 7, pp. 609, 
G10; Ternenes (mono-, cyclic), Vol. 138, p. 727, 


THUJA OIL. See O7ls, essential, Vol. 9, p. 590. 

THUJONE, CwHiuO. See Terpenes (nono-, cyclic), Vol. 18, p. 737. 

THULIUM. Sce Rare earth metals. 

THYME. See Emetics and expectorants, Vol. 5, p. G84. 

THYME OIL. See Oils, essential, Vol. 9, p. 590. 

THYMIDYLIC ACID, CrHisNeOaP. See Nueleic acids, Vol. 9, pp. 508, 509. 

THYMINE, NH.CO.NH.CO.C(CHs) ‘CH; THYMIDINE, CyHuN.Os. See Nuelcic 
acids, Vol. 9, pp. 509, 5L0. 

THYMOL, CTI.(C3H7)CyHs3O0H. See Antiseptics, Vol. 2, p. 85; Cresols, Vol. 4, p. 606; 
Perfumes (synthetics and isolates), Vol. 10, pp. 25, 31. 

THYMOL BLUE; THYMOLPHTHALEIN. Sec Indicators, Vol. 7, p. 805. 

THYMUS HORMONES. See Hormones (miscellaneous), Vol. 7, p. 548. 

THYNNIC ACID, CosHigCOOH. See Fatty acids (marine-oil), Vol. 6, p. 286. 

THYRATRONS. See Electronics, Vol. 5, p. 560. 








THYROID AND ANTITHYROID PREPARATIONS 


The thyroid gland plays an extremely important role in the animal body by meauis of 
its effect on the basal metabolic rate (B.M.R.), which is a measure of the energy ex- 
pended by the body at rest. This control of metabolism is mediated through an en- 
docriue substance, the thyroid hormone, produeed by the gland in response to nervous 
or hormonal stimuli (see also Hormones (survey}). The hormone thus released into 
the circulation appears to affect cellular metabolism directly. Abnormal activity of 
the thyroid gland occurs fairly frequently in man, and often requires medical treatment 
to adjust the situation to within normal limits. Shortage of thyroid secretion (hypo- 
thyroidism, cretinism, myxedema) can be alleviated by careful administration of 
desiccated thyroid tissue or purified preparations therefrom. Dosages are generally 
worked out on an individual basis to bring the metabolic rate to normal and to main- 
tain it. The overproduction of thyroid hormone in man Ieads to hyperthyroidism 
(exophthalmic goiter, Graves’ disease, toxic goiter), characterized by nervousness, 
protruding eyeballs, and reduction in weight. Hyperthyroidism may be treated with 
antithyroid substances (see p. 132), although surgical removal of most of the over- 
active thyroid gland (subtotal thyroidectomy) is often necessary as well. The opera- 
tion is usually followed by the administration of thyroid preparations for fine adjust- 
ment to normal levels of metabolism. Thyroid preparations may be used also in a 
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third type of thyroid disorder, simple goiter, which occurs especially in inland and 
mountainous areas where water anc foods are low in iodine. Tlowever, this difficulty 
can generally be controlled by incorporation of adequate amounts of loding in the dict, 
as in iodized salt or drinking water, which has heen practiced extensively since about 
19/0. Similar abnormalities occur in animals or may be brought about experimentally, 
and these serve in certain instances as bases for assay of thyroid activily. 


THYROID PREPARATIONS 


Natural thyroid preparations showing biological activity melude (/) dried, 
defatted whole thyroid tissue (thyroid, U.S.P. XIV); (2) iodine-containing protein 
fractions therefrom; (3) thyroglobulin, the purified thyroid protein; and (4) thy- 
roxine, the iodinated amino acid found in hydrolyzates of thyroid tissue and thought to 
be the circulating hormone. Jn addition, there are artificially iodinated proteins for 
which biological activity has also been shown, Each of these has specifie applications 
for which it is best suited. For oral administration and maintenance therapy the 
whole tissue preparations, standardized as to potency, are generally used. The puri- 
fied fraction (thyroglobulin) and thyroxine are more suitable for parenteral acdminis- 
tration, Thyroglobulin has had little commercial use because of its cost, but has pro- 
vided considerable information regarding the role of the thyroid hormone in metiah- 
olism. Synthetic iodoproteins have been used primarily in animals to increase meta- 
bolic and growth rates, rather than for control of human thyroid abnormalitios, (See 
ulso Fodine preparations, Vol. 7, pp. 979-80.) Some question as to the economies of 
such growth stimulation has resulted from measurement of the increased food intake 
of treated animals over that of controls. 

The oral administration of thyroid substances was begun about 1895, but exten- 
sive use of such materials did not take place until about 1910, While earlier attempts 
were made to show a relationship between iodine and the thyroid gland, Baumann in 
1895 showed that iodine in orgunie combination was 2 constituent of thyroid tissue, 
Oswald in 1899 gave the name “thyroglobulin” to the iodine-containiug globulin in 
thyroid. Later it was demonstrated that the physiological action of whole thyroid 
tissue was directly proportional to its protein-bound iodine content. 

Study of thyroid glands of domestic animals showed seasonal variation of the 
iodine content (3) amounting to a twentyfold difference in beef glands, with a similar 
range in hog glands. ‘This emphasized the necessity of standardizing thyroid prepa- 
rations. These fincings led to the establishment by the U.8.P. m 1917 of a standard 
thyroid preparation with 0.20 + 0.038% iodine. 

Attempts to isolate a specific iodine compound were unsucecssful until Kendall 
(9), in 1914, obtained thyroxine from « hydrolyzate of thyroid glands. The chemienl 
structure of thyroxine was established in 1926 and the compound was syuthesized iu 
1927 (7) (see p. 129), Kendall’s other iodine fraction was identified in 1929 us di- 
iodotyrosinc. While both iodine compounds are cleavage products of thyroglobulin in 
which they are in combined forms for purposes of storage, diiodotyrosine is inactive in 
practical amounts, while thyroxine shows thyroid activity upon parenteral injection. 
Approximately forty per cent of thyroid iodine is estimated to be in the form of thyrox- 
ine and 60% as diiodotyrosine. 


Physical and Chemical Properties 


Thyroid substance (thyroid, U.S.P. XIV) is the cleaned, dried, powdered 
thyroid gland previously deprived of connective tissue and fat, which contains not 
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less than 0.17% and not more than 0.23% of iodine. It must be free from iodine in 
inorganic or any form of combination other than that peculiar to the thyroid gland 
(17). If properly prepared, it will contain less than 19% fat and 1% moisture. It 
retains its biological activity under ordinary conditions of storage for a number of 
years without appreciable change. 

Thyroglobulin scems to exist in three forms differing in solubility but with the 
same iodine—nitrogen ratio. The three forms are thought to be the same protein. 
Physical measurements indicate a molecular weight for thyroglobulin of 650,000—- 
700,000. Its amino acid composition shows diffcrencesfrom that of other tissue globulins, 
but the most important difference is its iodine content. The amino acid composition 
(15) of hog thyroglobulin is given in Table I. 


TABLE I. Composition of Hog Thyroglobulin, 








. . o% of total ; &% of total 
Amino acid protein Amino acid protein 

Arginine... 2.0... -..000. 12.72 Cystine. ......2..... 3.60 
Histidine,............0. 2.23 Methionine.......... 1.30 
Lysine... 00... 3.49 Alanine... ..... 2.0.0. 7.40 
Phenylalanine. .......... 6.68 Glycine... eee, 3.70 
Tryptophan. ........... 2.08 Leucine.........6.0. 12,80 
Tyrosin@... 2. eee ee 3.12 Valine. oc... eee 1.45 
Diiodotyrosine.......... 0.64 Serine....,.......... 10.80 
Thyroxine. ......6..0055 0.25 

Total iodine. .............. 0.48% 

Isocleetrie potut.. 2.0.0.0... 4,8 





There appear to be only small variations in amino acid composition among thyro- 
globulin preparations from several species of domestie animals. The total iodine 
content, however, may vary within species depending upon season, geographical loca- 
tion, and state of nutrition. 


TABLE IL. lodinated Amino Acids. 

















Formula Todine, 20 
Name and formula wt, M.p., °C. oy lalp 
i-Monoiodotyre osing 307.1 : 204-06 41.3 —+.4¢ 
HOS _SCILCH(NH.)COOH (docompn.) 
= 
Diiodotyrosine 433.0 204 58.6 +2.75" 
I (decompn.) 
11 Ke DCELCHIN HCOOH 
IT 
Triiodothyronine 650.0 233-34. 58.5 +21.5% 
I T (decompn.) . 
HO p—-0-C > CHACH(NF)COOH 
I 
L-Thyroxine 776.9 235-36 65.3 —4_ 4h 
I I (decompn.} 
i a as PORCH 
. ‘ 
we = 48%, LN HCL. 
bg = 8%, 0.13 N NaOH and 70% cthyl alcohol, 
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lodinated amino acids first isolated from thyroid tissue and later synthesized arc 
thyroxine (tetraiodothyronine) and diiodotyrosine. More recent investigations, em- 
ploying tracer and chromatographic methods of analysis, have demonstrated the pres- 
ence of 3,3/,5-triiodothyronine (5) and monoiodotyrosine (16) as normal components 
of the thyroid. The iodinated thyronines are biologically active, while the todinated 
tyrosines are inactive. 

The structural formulas of these amino acids and physical constants are given in 
Table If. These substances show little or no solubility in water us free acids, bub are 
soluble in dilute solutions of the alkali hydroxides andin hotsolutions of the carbonates, 
See also Amine acids, 

Iodinated Proteins. [ocinated casein, prepared under optimel conditions, con- 
tains 7-8% iodine, representing approximately 3% thyroxine when assayed bio- 
logically. [solation of crystalline thyroxine from iodinated casein has been aceom- 
plished by procedures employed in crystallization of thyroxine from thyroid tissue 
(13). Other proteins, including serum albumin, serum globulins, edestin, egg albumin, 
and silk fibroin have been iodinated in similar fashion and show similar Inologieal 
activity, , 


Methods of Preparation 


Por the natural products, sheep, pork, aud beef thyroid tissne are used and may be 
interchanged whenever an indication of species sensitivity or resistance is cucountered, 

Thyroid substance (thyroid, US.P. XIV) is gonerally prepared by collecting: 
selected fresh glands at the slaughterhouse and freezing them as seon as possible. 
The frozen glands are then transported to the pharmacentical plant where they are 
ground and dried under vacwun to low moisture content, Phe delrydrated tissue is 
extracted with fat solvents such as toluene, benzene, or petroleum derivatives to reduce 
its lipide content to less than 1. The defatted material is millecl to a fine powder 
and blended with other lots or with lactose to adjust the organic iodine content. to 
0.20 + 0.03%, 

Tableting of the thyroid substance is then carried out in the usual manner (see 
Vol. 10, p. 237), using lactose or other carbohydrate as the diluent. The tablets are 
rarefully checked for iodine content and for biological activity before release, To 
improve the acceptability of the preparations [or continued use, formulations of thy- 
roid include such variations as enteric coatings; smaller, more compact tablets; and 
several combinations with the B vitamins. 

Some of the carly steps used in preparation of thyroglobulin are employed in 
preparation of purified thyroid substance when produets higher in iodine content and 
more soluble than thyroid U.S.P. are desired. It ts estimated that domestic produc- 
tion of thyroid produnets is about 60,000 lb. (0.8.2. equivalent) /year, 

Purified thyroglobulin was investigated by early workers who estublished the 
globulin nature of the active protein of the thyroid, but their attempts to fractionate it 
generally led to denaturation of the protein. Methods described by Cavett and Sel- 
jeskog (1) avoided contamination with nucleoproteins by extracting thin slices of 
thyvoid gland at 0°C. with isotonic saline at pH 7.4, followed by precipitation of the 
active material at 35-15% saturation with ammonium sulfate. Similar methods were 
further used by Derrien, Michel, Pedersen, and Roche (2) to prepare thyroglobulins 
that satisfy most of the criteria of purity. 
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Thyroxine. The first synthesis of thyroxine was described by Harington (7) 
in 1927 (sce Scheme 1). The synthetic compound was shown to have biological ac- 
tivity equivalent to that derived from thyroid tissue by early isolation procedures 
which caused racemization of the more active L-form. 

Later reports (14) established optimal conditions for the formation of L-thyroxine 
from 1-tyrosine by way of diiodotyrosine. In a solution of 0.1 N sodium hydroxide at 
pH 9.5, diiadotyrosine was heated with stirring at 60°C. for 18-20 hours in the presence 


Scuemn 1 


_ I I 
cn0( on + i] (pro. —~——> CHO Cp-0-C_ pron > 
I I 
I I 
CHO C po-< ) NH, —~—»> CH;0 C p-o-< > CN ————» 
I I 
I J 
cmo¢ )-0-€ oxo CULCONNCTRCOOK Gry C po-K )ci=c-c=o _. 
I I \e 


| 
CoH; 


I I 
ono )-0-{  poH=ccv0cst, ae Ho )-o0-{ )ou.cuernncoon 
I NE I 
Cat1.60 
I I 
2, HO C pot poncu (NH.)COOH 
I I 
thyroxine 


of manganese dioxide catalyst. Under these conditions, a net yield of 2.8% (allowing 
for recovery of unreacted ditodotyrosine) of crystalline thyroxine was obtained (see 
Scheme 2). It is assumed that a similar reaction takes place in the thyroid and that 
thyrosine is probably formed by the oxidative coupling of two molecules of diiodoty- 
rosine and the elimination of one side chain. 

Triiodothyronine. No commercial methods for preparation of this compound 
have been reported. Amounts sufficient for chemical and biological studies have been 
prepared by careful iodination of diiodothyronine (6), 

Yodinated Caseins. Details of the preparation of biologically active iodinated 
casein have been described by Reineke (13). 

Twenty grams of casein is placed in 700 ml. of distilled water containing 5 g. of 
sodium bicarbonate, and dissolved by stirring. The mixture is then placed in a water 
bath held at 38-40°C., and a total of 3.7 g. of finely powdered iodine is added in small 
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SCHEMES 2 


I 
2 HO C power (NH2)COOH ———> 
I 


diiodotyrosine 


I I 
HO Cp-o-€_pottacuiasnjcoor + CH =CWH,)COOIL 
I I 


thyroxine | 





CH,COCOOH + NH; CH,OHCH (NIL) COOH 


portions over a period of 3-4 hours, with vigorous agitation, Following addition of 
iodine, the sohvtion is vigorously stirred at 70°C, for (8-20 hours. After clialysis, the 
protein is recovered by isoclectrie precipitation and dried. (See also p. 128.) 


Assay 


Although much study has been given to thyroglobulin as the active protein hor- 
moue of the thyroid, present preparations of thyroid in the United States: generally 
adhere to the iodine specifications of L917 (17). The U.S.P, XLV chemical method for 
determination of organic iodine involves its conversion to mMorganic iodate and meas- 
urement by the usual methods of iodometry using standard thiosulfate and starch 
indicator. 

Chemical analysis (18) of the thyvoxine content of thyroid substance or of io- 
dinated proteius is accomplished by fitst hydrolyzing the protein with 10% barium 
hydroxide at 100°C. for 18-20 hours. The hydrolysis mixture is diluted, the barium 
sults decomposed, and the aliquots extracted with I-butanol from acil solution. 
After extraction of the 1-butanol solution with 4 WV NaOl containing 5%, sodium bi- 
carbonate, the iodine remaining in the organic solvent is then determined and thyroxine 
content calewlated. 

Methods designed to measure biological activity of thyroactive materials have 
also been used. 

Stimulation of the metamorphosis of frog tadpoles, a procedure described by Wokes 
(18), for the assay of thyroid preparations involves measurement of the percentage 
decrease in bocly length of tadpoles. Application of this method to iodinated proteins 
indicates that these materials are active when fed or injected, but not, like thyroid 
substance, when placed in solution in the water surrounding the tadpoles. The 
sensitivity of the method varies with the species, stage of development, and tempera- 
ture of the environment (13). 

Change in the metabolic rate of laboralory animals by the measurement. of either 
carbon dioxide production or body weight loss has been placed on a quantitative hasis 
(11). 

Reversal of the effect of thiouracil (see p, 13+) in chieks, mice (L), and thyroider- 
tomized rats (12) has algo been used for assay of thyroid preparations, 
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Biological Action 


The growth and maturation of animals are under the coutrol of the thyroid gland. 
Tn fact, all periods of physiological stress require additional thyroid hormone, and it is 
during such phases of hyperactive metabolism that symptoms of thyroid insufficieney 
are first observed. Much of present knowledge of thyroid action comes from observa- 
tion of physiological changes occurring in the absence of the thyroid gland. It appears 
to act primarily as a catalyst on the metabolism of proteins, carbohydrates, fats, and 
salt balance, In ils absence the basal metabolic rate declines, with noticeable drop 
in body temperature. Thyroid contributes about 40% of total body metabolism-— 
the balance of 60% being unaffected by the stimulus of thyroid hormone. This is the 
result if an ordinary ¢liet is given. However, if care is tuken to give a diet as free as 
possible of all traces of iodine, the B.M.R. decreases as much as 60%. The explana- 
tion for this is not clear, but it is possible that even without a thyroid glaud some tyro- 
sine is converted to thyroxine. The rate of production of thyroxine would be very 
slow, and this may be why the B.M.R.. camnot he held above ~60°%. Also, ut such a 
low level, secondary changes of appetite, circulation, body temperature, the system 
of endocrine glands, aud many other factors may ultimately influence the B.M.R. (10). 

The effect of thyroid on protein, salé, and water metabolism is also readily demon- 
strated by an accumulation of these substances in the absence of thyroid activity. 
This accumulation in the tissue spaces is called “proteinous dropsy” and is reversed 
by administration of thyroid. Thyroid action on carbohydrate metabolism appears 
to have its effect in the liver, where it tends to mobilize glycogen and to raise the blood 
sugar level. The relationship between thyroid and diabetes has received considerable 
attention (8). Subnormal thyroid activity lessens the severity of diabetic symptoms, 
and administration of thyroid substance with consequent increase in metabolic activity 
tends to intensify diabetes. 

The ability of the thyroid to absorb iodine and, in fact, to pick up most, if not all, 
of the iodine administered, is postulated as the basis for economy of the body’s use of 
iodine. With the use of radioactive iodine, I)", it has been possible to study the phe- 
nomenon in detail. Present evidence is that thyroxine or a small peptide containing 
it represents the circulating thyroid hormone. There is not yet available sufficient 
evidence to determine the basic mechanism of action of the circulating thyroid hor- 
mone. No én vitro systems have been found that will permit study of the peripheral 
activity of thyroxine. It is generally agreed that cictary iodide is stored in the thy- 
roid gland and converted to iodine, which in turn is incorporated into thyroglobulin. 
Release of thyroxine or other iodinated small moleeules (triiodothyronine) from the 
thyroid into the circulation may be accomplished by specific proteinases in the gland 
(5). Ultimate destruction of thyroxine is followed by pickup of the iodine again by 
the thyroid, and only a small fraction of the iodine is eliminated in the process. Ap- 
proximately one-seventh of the daily iodine requirement of the thyroid gland is sup- 
plied in the normal diet, the balance being supplicd by recycling of iodine. 
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ANTITHYROID SUBSTANCES 


The antithyroid substances interfere with or depress the production ov utilization 
of thyroid hormone in the body. Historically, large doses of iodide were used in the 
treatment of hyperthyroidism to depress thyroid function. More recently other more 
effective antithyroid drugs such as l-methyl-2-mereaptoimidazole, thiourneil ancl its 
derivatives, and radioactive iodide have come into use. 

The normal production of thyroid hormone is governed in a number of ways. 
The anterior lobe of the pituitary gland secretes a substance (thyrotropic hormone) 
(see Vol. 7, p. 488) that stimulates the tlyroid. In turn the procluction of this hor- 
mone is governed by the level of thyroid hormone in the blood. Thus, when the hor- 
mone level is low, the pituitary secretes larger quantities of thyrotropic hormone, 
which then stimulates the thyroid to produce more hormone, An idea has been ad- 
vanced, although not well established, that after repented adininistration of the thyro- 
tropic hormone of the pituitary, the body may produce an antithyrotropie (thyroid- 
depressing) hormone (7). 

The principal antithyroid drugs act to interfere with the metabolism of iodide and 
the formation of the iodinated amino acids (2) (see p. 128). In general, substances 
that possess antithyroid activity for animals are also active in man. A drug having t 
relatively low order of activity when tested in an animal, however, may be more active 


TABLE I. Relative Ac 








Compound Man Rat 








2-Thiouracil 1 I 
6-Methy1-2-thiouraci] 2 1 
6-Propyl-2-thiouracil 0,75 li ) 
2-Mercaptoimnidazole 10 


2 
1-Methyl-2-mercaptoimidazole 100 2 
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in man and vice versa. Table I gives the relative activities of five of the more potent 
atithyroid agents in the rat and in man (15). 


Iodide and Other Inorganic Ions 


For the past 40 years, iodidé has been used for the treatment of hyperthyroidism 
(9). When given in large doses, it, depresses the functioning of the overactive thy- 
roid gland. This depressing action of large quantities of iodide appears to be paradoxi- 
cal, since iodide in small quantities ig essential for the formation of thyroid hormone. 
The mechanism by which iodide ion in large quantity acts as an antithyroid agent is 
not known, although it has been the subject of much study and speculation (1). 
See also Iodine preparations, 

Thiocyanate, first shown in 1936 to possess antithyroid properties, appears to act 
by depressing the ability of the thyroid gland to concentrate iodide from the blood 
stream, Other ions such as chlorate, perchlorate, iodate, and periodate have a similar 
activity (0). These substances are not used clinically because of toxic side effects. 

Radioactive Iodide (1° and [T'?), Since the radioactive isotopes I’ and par- 
ticularly I! have become available from the atomie pile, they have been used clini- 
‘ally to a limited extent to treat hyperthyroidism. When I!"!is given by injection it 
becomes concentrated in the thyroid gland, and by virtue of its 6-raciation destroys 
part of the tissue. Thus the administration of radioactive iodide has the same effect 
as surgical removal of part of the gland. The use of I¥! requires special techniques 
and equipment and is considered somewhat dangerous. 


Naturally Occurring Antithyroid Agents 


Antithyroid effects lave been observed for some time in animals fed large quanti- 
ties of certain plants of the cabbage and turnip families. One highly effective com- 
pound, levo-5-vinyl-2-thiooxazolidone (5-vinyl-2-oxazolidinethione), has been isolated 
from rutabaga, cabbage, turnip, and kale (4). 5,4-Dimethyl-2-thiooxazolidone 
(5,5-dimethy]-2-oxazolidinethione), isolated from the seeds of Conringia orientalis (11), 
also possesses antithyroid properties (3). 


BH > CH; 4 us Os 
CH.= CH | 
HCH OW NE " O._NH x— 
8 S) 
5-Vinyl-2-thigoxazolidone —5,5-Dimethy]-2-thiooxazolidone 1-Methyl-2-mercaptoimidazole 


Organic Antithyroid Agents 
In 1943, a number of organic compounds were discovered to possess antithyroid 
properties (5,13). Since that time many hundreds of compounds have been tested 
and numerous autithyroid agents have been found. These fall into two main classi- 
fications. 


AROMATIC AMINES AND PHENOLS 
Sulfaniliamide, p-aminobeuzoie acid, l-naphthol, p,p’-diaminediphenylmethane 
(4,-+’-methylenedianiline) and hydroquinone are examples of this group. By far the 
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most active compounds of this group are phloroghicinol and resorcinol (8). These 
subslances appear to act by combining with iodine in the gland in competition with 
tyrosine, 


DERIVATIVES OF THTOORIEA 


The derivatives of thiouren (see Urea) are considerably more potent antithyroid 
agents than the aromatic amines and phenols. All of the drugs now in use for the con- 
trol of hyperthyroidism are thiourea derivatives. Thiourea itself and the N-substi- 
tuted compounds like V,V,N4N/-teframethylthioures are appreciably active. The 
most potent anc useful antithyroid drugs, however, are the cyclic derivatives. 

The four compounds described here are curren thy sold as drugs for the treatment of 
hyperthyroidism. They have largely displaced iodide for the treatment of severe 
hyperthyroidism, although mild forms of hyperthyroidism ure still treated with iodine. 
At present, the preferred course of treatment is to give one of these drugs moamultiple 
daily doses until the disease is controlled and then to continue brealment with smaller 
maintenance doses. Often, after the disease is well controlled, a thyroidectomy is 
performed. All of the drugs listed are capable of producing bosic symptoms such, aus 
granuloeytopenia, leukopenia, drug fever, und dermatitis in some Tew patients, Tf 
such symptoms oceur, the drug treatment must be immediately discontinued. The 
total market value of the synthetic antithyroid drugs listed here amounted to about 
$600,000 in 1953. There is no estimate of the quantity of iodide used for antithyroid 
purposes. 

1-Methyl-2-mercaptoimidazole (Mothimazole, N.N.R.), is a white crystalline 
solid, m.p. 1-15-18°C), and is soluble to the extent of about fe. ind. ml. of water, Tt 
is obtained by the eondeusation of N-methylaminoacetal, CHyNWCIRC H(OCeLs)s, 
with thiocyanic acid in aqueous solution (12). Tk is given by mouth in doses 
of 5-10 mg. three times a day for 30-60 days, or until the hyperthyroidism 
is controlled. A maintenauce dose of 5-LO me. per day is used to keep the clisease 
under control, 


I 
On S CH, Oss CH, Ons 
BN NE HNN NE TNS NT 
8 8 8 
6-Methy1-2-thiouracil 6-Propyl-2-thiouracil §-Iodo-2-thiouracil 


6-Methyl-2-thionracil, N.N.R. (Methiacil, Muracil, Thimecil), is a white erystal- 
line solid, m.p. 326-31 °C, (decompu.), very slightly soluble in water. The preparation 
of this compound involves condensation of thiourea with ethyl acetoacetate (L). The 
dosage is about 200 mg. per day given orally. 

6-Propyl-2-thiouracil, U.S.P. XIV, N.NUR., is a white crystalline solid, mp. 218— 
20°C., very sparingly soluble in water. It is prepared by reaction of thiourea with 
ethyl butyrylacctate (1). The dosage is about 100-150 mg. per day orally. 

5-odo-2-thiouracil is a white crystalline solid, m.p. 214-15°C, (devompn.). The 
preparation of this compound involves the iodination of 2-bengylthiouvacil followed by 
debenzylation with hydrogen iodide (6). “Lhe recommended dose is about 300 me. per 
day. 
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Methods of Testing 


The original method of testing substances for antithyroid activity in animals (usu- 
ally rats) consists of giving the substance to be tested, generally by feeding in the diet, 
for a period of days or weeks and then comparing the weights of the thyroid glands of 
the treated animals with those of normal animals. An antithyroid substance causes an 
increase in the weight of the thyroid gland; the more potent the drug, the greater is the 
weight increase (3). 

A more precise method. of testing, and one that can be applied to human patients, 
involves the use of trace amounts of radioactive iodide ion. The animal, or patient, 
is Biven a very small (nontoxic) quantity of ['8! by injection. Normally this becomes 
concentrated in the thyroid gland, where it is incorporated into the hormone and can 
be detected there for many hours. H, however, the test subject has been treated pre- 
viously with an antithyroid drug, a smaller amount of the injected I'*! is concentrated 
aud retained by the gland. The smaller the quantity of radioactivity that can be 
detected in the gland after a specified peviod of time, the more potent is the antithy- 
roid substance being tested (15). 
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THYROTROPIC HORMONE, See Hormones (antertor-pituitary), Vol. 7, p. 488. 


THYROXINE, THYROXIN. Sce Amino acids, Vol. 1, p. 719, 726; Phyrotd and anti- 
thyroid preparations. 


TIGLOIDINE, Cy;HaNOQ,.. See Alkaloids, Vol. 1, p. 480. 
TIGONIN; TIGOGENIN, C7HwO3. See Saponins and sapogenins, Vol. 12, pp. 100, 104. 
TILE. See Asphalt tile; Ceramic industries, Vol. 8, p. 521. 
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TIN AND TIN ALLOYS 


Tin, Sn, atomie number 50, atomic weight £18.70, is in Group TY of the periodic table 
and is a member of the subgroup containing germanium and lead. ‘The valence num- 
ber is --2 or +4. The ten naturally occurring isotopes, listed in the order of their 
abundance, are 120, 118, 116, 119, £17, 124, 122, 112, 114, and 115, Tin is present in 
the igneous rocks of the carth’s crust to the extenl of about. 0.001%. Two allo- 
tropic forms exist: white tin (8) and gray tin (a). White tin crystallizes in the body- 
centered tetragonal syslem, and gray tin erystallizes in the cubie system. Although 
the transformation temperature is 13.2°C., the change into the gray form does not 
take place under practical conditions unless the metel is of high purity and is exposed 
to temperatures well below zero. Small amounts of bismuth, antimony, lead, silver, 
and gold in the tin retard the transformation, Thus, commercial grades of tin resist 
transformation because of the inhibiting effect of these elements present as Impurities. 
Small amounts of aluminum and zine are reported to accelerate the change (1). An 
expansion of 2595 in volte accompantes the change fram white to gray tin, The 
first signs of transformation are the appearance of gray spols and the formition of 
powder. Cray tin is converted back to white tin by raising the dempernture above 
13.2°C.; it can be remelted to the white form without change in properties. 

Tin is a nontoxic, soft, and pliable metal adaptable to all types of cold working 
such as rolling, extrusion, und spimting. Tt is readily joined with low-melCing solders. 
Tt has a white silvery color with a bluish tinge and when highly polished has a high 
light reflectivity. It retains its brightness well during exposure both outdoors wud 
indoors. Alloying elements such as copper, antimony, bismuth, and endmium increase 
its hardness. The most tmportant application is as a coating for stecl (linplate) 
which, in the form of the tin can, serves as the most efficient container for the preser- 
vation of perishable foods. Tt is alloyed with lead to produce solder; with antimony, 
copper, or lead to form babbitts, type metals, and casting alloys; ancl with copper to 
produce the various brasses und bronzes, Less important uses are for collapsible 
tubes, fusible alloys, decorative and corrosion-resistant alloy coatings, aud chemical 
reagents and compounds. See also Tin compounds, 


Jividence of the carliest use of tin dates back to the period between 3200 and 8500 ne. Prac- 
tically all the tin in the early period was procured from a group of islands known as the Cassiterides 
which may have been the Seilly Isles (southwest of Cornwall) or more likely Cornwall itself. is- 
torical references to trade in tin became more evident after the Romans reached Cornwall, Produes 
tion of tin in Cornwall in the 13th century amounted to about 300 tons, and by the LOth ceutury it 
had reached 9,000 tons, Present production is less than 1,000 tons a year. 

Mining in Malaya (now the world’s largest produeer) and Cling dates back tol least as early 
as the bb century. Indonesia and Thailand started production in the early part of the Psth ceutury. 
Production in Bolivia, the Belgian Congo, and Nigeria is comparatively recent. 


Physical and Chemical Properties 


Constants. The physical constants of tin are shown in Table [. 

Reactions. Tin is amphoteric, reacting with both strong acids and strong bases, 
but it is relatively resistant to nearly neutral solutions. Oxygen greatly accelerates 
corrosion in aqueous solutions, Iu the absenee of oxygen, the high hydrogen over- 
potential of tin causes a film of hydrogen to be retained on the surface so that attack 
by acids is retarded. The metal is uormally covered with a thin invisible film of 
stannic oxide which may be completely removed by acids or alkalies, 
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TABLE I. Constants. 





6 231.9 
15 35 os 2270 
Sp.gr. 
e-form (gray tin)... cece ee eens §.773 
A-form (white tin). 000. ee eae 7.298 
Liquid ab mpc. cc ce eter tenet eee 6.97 
Trausformation temp. 6 a, CC... 6 ce eee 13.2 
Vapor pressure, mm., at: 
OL ad 5 Sa 7.4 * 1078 
00 10) 6 i 8.3 * 1073 
ATES 01 0a § Oa 0.17 
QO0N PR. eect e ee BOG 
2550 Ke teeta 638 
Surface teusion, dynes/em. 
Solid tin at 215°C... ccc eee 685 
Taicguid tin, 400-8009... cee eee eee (700 a: 25) — (0.17 & 0.015)7" 
Viscosity, centipoises, at: 
B75 Oi 1.88 
B00 hak © an 1.66 
0 hak Oa 1.38 
5510 ak 1.18 
£00 Oa 0.87 
Sp. heat, cal./gram 
White tin at 25°C. ce cece ee 0.053 


White tin, 25°C. —m.p.. eee eee 0.0372 + 0.055 X 10-37" 

Gray tin at 10°C. ec cece eee ees 0. 049 

Liquid tin, m.p-l000°C.. cee eee 0.0615 
Latent heat of fusion, cal./eram.... 6.0. ee AAD 
Latent heat of vaporization, cal./aram.... 6.00000. eee eee 520 + 20 
Heat of transformation, cal,/gram... 0.060 eee 4,2 
Energy of activation, cal./gram 

Whitt gray... tenets 1.5 

Crrayowhibe. cence een nee 19.4 
Thermal conductivity, cal. /(sec. (sq.em.)(°C./em.) 

White tin at —L70°C.. eee . 0.193 

White tin at O°CN eects 0.150 

White tin at 100°C... ce cece eee ee 0.145 

White tin at 200°C... cee eee 0. 185 

Liquid tin, m.p. to 882°C... eens 0.078 
Coefficient of linenur expansion, at: 

a 19.9 X 10-5 

0 het © ara 23.8 X% JO78 
Shrinkage on solidification, %........0.0066 002 ce eee 2.8 
Resistivity of white tin, microhms/em. eube, at: 

Chk a 11.0 

000 hed © 15.6 

D> 0) 0 ad Oa 20.0 

M.p, (solid)... cee ees 22.0 

Myp. (liquid)... 0.00.0 eee 45.0 

400°C, (liquid)... 000. eee ened 49,0 
Voluine conductivity, LA.C.S. (see Vol, 4, p. 432)... 0000,0.00.0.00. 15 


Magnetic susceptibility, o.g.8, units 


White tin at 18°C... occ c cence ees 0.027 X 10-8 
Gray tin ab OSC... 0c cece cee c cece cece ee ee eee eeveeeaens —0.031 x 1075 
Tiquid tin at 250°C... cee —0.036 « 107% 





(Continued) 
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TABLE I. Constants (Concluded). 


Brinell hardness, 10 ke./5 tm. /t80 sec, ate 


1 ad Oc 3.9 

220°C... eee 0.7 
Tensile strength as cast, pod, ate 

1 6 2,100 

59) 0 hak 650 

Tg 2,400 

— (20°C: .... 12,700 











«Tin ORK, 


Halogen acids attack tin partiewarly when hot and concentrated. Tot sulfurie 
acid will dissolve the metal, especially in the presence of oxidizing agents. Nitric 
acid attacks tin slowly when cold and dilute, more rapidly with rising temperature and 
conventration. Flot nitric acid converts the tin to metastannie acid (hydrated 
stannic oxide) (see p. 161). Oxalie acid is probably the most corrosive of the common 
organic acids toward tin, 

Dilute solutions of weals alkaties, such as ammonium hydroxide aud sodiim. cur- 
bonate, have little effect on tin, but a strong alkali, such as sodium hydroxide, is cor- 
rosive when cold and in dilute solution. Strong alkalies dissolve tin with the formation 
of stannates. 

— Salts with acid reaction in solution, such as aluminum chloride, attack tin in the 
presence of oxidizers or air. Ferrie chloride solutions attack tin, particularly in tle 
presence of air or oxygen. Nonaqueous mediums have little effect on tin. 

The oxidation-reduction potentials are as follows: 


Sn ———— Sn?+ 4 Qe AR? = --O 1-4. 

Sn2+ ———~ Sntt - 2 en Ak? = —0. 15 v. 

Sn + 3 OI -——— H&nO7 + TRO + 2 AH? = -O.79 Vv. 
Analysis 


Tin in solution can be detected by the formation of a white precipitate with mer- 
eurie chloride. Stannous tin in solution gives a red precipitate with toluene-3,4- 
dithiol (Dithiol). 

Tin metal is obtainable commercially in a high state of purity. Grade A metal is 
guaranteed to contain a minimum of 99.80% tin, Except for special purposes, the 
user rarely needs to know the amounts of the different impurities. However, photo- 
metric, chemical, and spectrographie methods aro available for the determination of 
impurities in tin. 

The most satisfactory gravimetric method is based on the precipitation of the tin- 
tannin complex from solutions of controlled acidity, and subsequent ignition of the 
complex to SnOz This procedure gives a precipitate which, wilike metastannic acid, 
is readily filtered and is free from occlusions after one precipitation. 

Volumetric methods are hased upon the reducing power of starmous compounds, 
Tin or tin alloy is put: in solution with hydrochloric acid, reduced by digesting with a 
nickel coil, iron wire, or other reductant, cooled in a protecting atmosphere of carbou 
dioxide, and titrated with a standard iodine or iodate solution. The reaction involved 
is: 

SnCl, + Tz + 2 HCL———> SnCh, + 2 HI 
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Yor the estimation of a high tin content, care is needed in standardizing the iodine 
solution against a reference sample of tin. Accuraey may be increased by taking a 
large sample (5 g.). A weighed amount of solid iocdate is added to react with the major 
portion of the tin chloride, and the titration is finished with a standard solution of 
iodate as usual (14). 

The determination of the impurities in pure tin may be conveniently carried out if 
the tin is first removed by volatilization of the bromide. Photometric methods for 
arsenic, antimony, lead, copper, bismuth, iron, nickel, cobalt, aliminum, cadmium, 
sulfur, and zine are sufficiently sensitive to allow use of quite small samples. Speetro- 
graphic tin metal standards in the range of 99.11-99.95°%, tin are available from the 
National Bureau of Standards, 


Oceurrence 


There are four important tin-producing areas in the world. Southeastern Asia 
is by far the most important of these. The chief tin-beartng belt of this region ex- 
tends from Rangoon through the Isthmus of Kra and the Malayan Peninsula to the 
islands of Bangka and Billiton. To the north on the periphery of this belt are the 
fields of central Burma, French Indo-China, and China, This area supplied 615% of 
the world mine production in 1953 (177,500 long tous of tin in concentrates). Four 
principal producing countries in this area account for over 99% of its production. Tin 
production (in long tons) in these countries for 1953 was as follows: 


Malaya. oo cece eee tebe eens 56,255 
Indonesia (Bangka, Billiton, and Singkep)...00.005..-500......00. 33,753 
Thailand. ec tence eee eee teeny 10, 12-4 (estd.) 
Chimt cece e ett teen enna eee 6,300 (estd.) 


‘The other major tin-producing countries are Bolivia, the Belgian Congo, and Ni- 
geria. Production (in long tons) of tin in concentrates from these countries in 1953 
was as follows: 


Bolivia........0...0. 00.0.0... ..34,836 (19.6% of 1953 world production) 
Belgian Congo..... 0.0000... ... 17,158 ( 9.7% of 1958 world production) 
Nigerin......00...0.............. 8, 222( 4.6% of 1953 world production ) 


Bolivia with about 20% of world production has long been the second-largest. tin- 
producing country, but in some recent years it was supplanted in this position by In- 
donesia, Bolivia also has the distinction of being the only important producing area in 
which practically all the tin produced is mined from primary deposits in hard rock, 
that is, from lode deposits. In all the other important tin-producing areas, deposits of 
secondary origin, placer deposits, are the principal sources of tin. These secondary 
deposits account for tavo-thirds of world production. 

Of the nine different tin-bearing minerals found in the earth’s erust, only one, 
cassiterite (“tinstone’), SnQO3s, is of commercial importance. All the other minerals are 
complex sulfides and are significant ouly in Bolivia. Sfannite, CugFeSn8, and teallite, 
Ph(Zn)S8n8s, are the most important of these. 

In all lode deposits, cagsiterite is always found closely associated with granitic 
rocks such as granite, granodiorite, quartz-mouazite, and related porphyries aud 
pegmatites. The granitic intrusions are considered to be the source of tin mineraliza- 
tion, yet only a few of the granite areas of the world have yielded minable deposits of 
tin. Placer deposits are formed by surface geological action (weathering and usually 
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erosion) on lode deposits. They exist in three varieties, depending on the amount of 
water erosion the deposit receives, the amount of chemieal weathering being aboul the 
same in each case. These are: (7) residual concentrations, (2) cluvinl deposits, and 
(3) alluvial deposits. 


Mining and Concentration 


Mining methods for tin ore depend on the character of the deposits. Five 
methods are used: dredging, gravel-pump mining, hydraulicking, open-cué mining, 
and underground mining. Of these, dredging, gravel-pump mining, and underground 
mining are most productive. 

Dredging is mining with o floating dredyve usually on an artificial pond in a placer, 
Preliminary roughing and cleaning are done will jigs and shaking tables on board the 
dredge. Final concentration is done in the cleaning shed on shore. The dredges in 
Malaya operate on tin ore averaging 0.3 |b. of tin metal per cubic yard. Vinal shed 
concentrates contain between 70 and 77%, tin, that is, almost pure cassiterite (78.6% 
tin). 

Gravel-pump mining, the second most important mining method, is widely 
used in small-seale placer operations in southeast Asia, léssentially, the method 
consists of clevating tin ore to a concentrating sluice box from a sump dug in the placer. 

Underground mining is important only in Bolivia, In the other principal mining 
areas, only afew lode deposits have heen mined. Underground lode deposits in Bolivia 
are lorated at very high altitude, 12,000-15,000 It. above sea level. Accoss to these 
lodes is by the usual method of shaft sinking and by driving adits (entrances) depend- 
ing on the terrain. Underground excavation is by means of stopes, the ore being 
broken from the working face by blasting and drilling. The Bolivian deposits are 
low grade, being deposited in narvow veins, and complex, being mixed with other min- 
crals of copper, lead, bismuth, arsenic, sulfur, und in some instances tungsten. Sich 
deposits require costly mining and concentrating systems, This, logether with high 
transportation costs, mike Bolivia the highest-cost major produecr. 


Smelting 
PREPARATION OF ORE FOR SMELTING 

Tin is easily reduced from cassiterite by heating at high temperatures with 
varbon. Concentrates from those alluvial deposits that are almost pure cassiterite 
with only traces of other reducible metallic impurities can be smelted directly. Others, 
particularly vein deposits such as those from Bolivia, require extensive preparation 
before smelting to get rid of associated impurities, Gravity concentration of these ores 
may yield a concentrate containing, besides eassiterite aud carthy diluents, tungsten, 
iron, copper, arsenic, lead, antimony, nickel, zine, bismuth, and silver, mainly as 
sulfides. Arsenic is often in the form of arsenides or arsenates of iron or other metals. 
Tungsten, when present, Is usually in the form of tungstates of calcium or of iron and 
other metals. 

Roasting will remove most of the sulfur and arsenie in the form of sulfur dioxide 
and arsenic oxides; the sulfides of iron, copper, bismuth, and zine are converted to 
oxides; and lead sulfide is oxidized to sulfate, Roasting in firebrick-lined rotating 
cylinder-type furnaces is most popular. Next most popular iy roasting in the fixed- 
hearth, revolving-rabble type of furnaces having either multiple hearths one above the 
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other or, in some cases, a single hearth. Some ores are hancl-rabbled in a reverbera- 
tory furnace. Cagsiterite is not appreciably altered by roasting, but many of the 
minerals associated with it are so altered that further mechanical separation is possible, 
The roasted concentrates are leached with dilute acid to remove the oxides of bismuth, 
zinc, and copper; tungsten may be removed by heating with sodium carbonate or 
sodium sulfate followed by leaching with water. Lead, antimony, silver, and bismuth 
may be removed by a chloridizing roast, followed by leaching with acid. Practically 
all of the metal sulfide minerals can be removed by oil flotation, but this method has 
not been extensively used. Selections of combinations of these methods of removing 
vatious impurities depend, of course, on the extent and viriety present. 
The main tin smelters of the world are shown in Table IL. 


TABLE I. Main Tin Smeliers. 
(Over 5,000 Tons Capacity) 











Est. "Hist. 1053 
annual capacity, tin metal 
Sinelters long tons precduetion 
U.S. 
Tin Processing Corp., Texas City, Tex. 45,000 37,700 
Kurope 
Belgium: Société Générale Métullurgique de Hoboken 
8.A., Hoboken 18,000 000 
Netherlands: N.V. Hollandsche Metullurgische Bedrijven, 
Arnhem 60,000 27 ,000 
United Kingdom (29,000 tons total): Williams Harvey and 
Co. Ltd., Bootle >6,000 Not pub, 
Asia 
China: Yunnan Tin Corp., Kochiu, Yunnan Not pub. f, 300 
Indonesia: Indonesian Government Undertaking Banketin- 
winning, Muntok (Banka) 10,000 Not prod. 
Malaya: Eastern Smelting Co. Ltd., Penang Not pub, Combined prod. 
about 60,000 
Straits Trading Co. Ltd., Palau Brani Gingapore} Not pub. tons 
Africa 
Belgian Congo: Compagnie Géologique ot Minitre des In- 
génicurs et Tndustriels Belgos Géomines, Manono, 
Katanga . 7,000 2,700 








ORM SMELTING 


While the metallurgy of tin is comparatively simple, there are several complicating 
factors that must be dealt with in tin smelting practice. These are: (1) The tempera- 
ture necessary for the reduction of tin dioxide with carbon is high enough to reduce the 
oxides of other metals which may be present. Reduced iron forms hard compounds 
with tin, the “hard head” of the tin smelter. (2) Tin at smelting temperatures is more 
fluid than mercury at room temperature. It finds the most minute openings for es- 
cape and soaks into porous refractories. (3) Tin oxide is amphoteric and reacts with 
cither acid or basic furnace linings. Thus the slags produced contain appreciahle 
quantities of tin and require further treatment. 

Chiefly beeause of the loss of tin in the slag, the smelting of tin inclucles three 
stages: (1) ‘The primary smelting of Lin concentrates in a blast furnace, reverberatory, 
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ov electric air furnace; (2) the retreatment of first run slags bo recover tin; and (8) the 
refining of the reduced metallic tin to remove the metal impurities. 

Blast- or shaft-furnace smelting is the oldest method of smelting tin. Some haud- 
operated shaft furnaces are still used in the Far Hast. However, modern water- 
jacketecl blast furnaces, similar to the modern lead blast furnace (soc Vol. 8, p. 229), 
but having a lower shaft, ave in general use where tin concentrates are smelted iu shaft 
furnaces. 

In the blast furnaces used for the smelting of tin concentuates, coke is used as fuel 
and limestone, silica, and other materials as fluxes to produce easily fusible slags. 
The chief difference between tin smelting and the smelting of other metals is in the 
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Fig. 1. Tin reverberatory furnace (5). 
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tin content of the first-run slags obtained in lin smelting. ‘The formation of tin sili- 
‘ates causes economic difficulties, but the silieates of lin have low melting points and 
thus do not hinder the satisfactory operation of the furnaces. Slags made in blast 
furnaces which smelt tin concentrates in ordinary practice may contain 10-25%, tin. 

A. bniek-lined settler or forehearth sometimes is used to colleet the slag and tin from 
the blast furnace. The slag usualy overflows from the setder ito shug: pots from which 
the molten slag is poured into water in order to granulate it. Alternatively, the slag 
may be removed after solidification and broken up for recovery of the tin. The 
metalli¢ tin is periodically tapped from the bottom of the setdler inte cast-iron molds. 
The pigs or slabs of tin are removed from, the molds for refining, 

Most of the large modem tin smelting plants use reverberatory furnaces for both 
the smelting of primary tin concentrates aud the retreatment of first-run slags to 
remove the tin they contain. Reverberutory furnaces have advantages over blast 
furnaces in smelting tin. The operations are more easily controlled; cleaner slags are 
produced, and reverberatory furnaces are more suited to the smeHing of finely divided 
ores aid concentrates, since the loss of tin as dust is much smaller, Chis is important 
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in tin smelting, owing to the high cost of the metal. Dust collecting equipment is 
necessary for successful operation. Figure 1 is a sketch of a tin smelting furnace. 
Figure | shows the firebrick hearth sloping toward the taphole, which is near the center 
of one side, and is low enough to drain the furnace completely when the taphole is 
open. Also shown are the arched roof, and the charge holes at regular intervals down 
the center of the furnace roof. Feed bins of the charge are, in some furnaces, kept. 
above the charge holes. The roof is supported by steel beams to prevent damage to 
the side walls eudangering the roof. The furnaces are of firebrick, and vary in size, 
the largest having a hearth of about 30-40 ft. long and 12-15 ft. wide. Coal is the 
most commonly used fuel, although fuel oil is an excellent. fuel if the cost is not excessive. 
The larger furnaces will take a charge of 8-15 tons, the charge containing tin 
concentrates, 15-20% anthracite, and smaller amounts of limestone, slag, sand, and 
by-products from the refining of tin. 

After thorough mixing, the charge is added to the furnace. Tin smelting is a batch 
operation, one charge being smelted and tapped before the next is added. The 
furnaces are operated at 1200-1300°C., and the time for each charge is 10-12 hours in 
the larger furnaces. The charge should he thoroughly stirred at intervals during smelt- 
ing. In order to minimize the amount of impuvtities in the tin, considerable tin is 
allowed to leave as slag, since otherwise excessive amounts of impurities, as well as 
iron-tin alloy, would be present in the reduced tin. 

The completed batch is tapped into a settler, from which the slag usually overflows 
into cast iron pots. The slag can be removed from these pots by immersing iron bars 
in the molten slag and Hfting the slag by means of the bars after it has cooled and solidi- 
fied. The slag, usually containing about 10-25% tin, is crushed to 34 in. diameter 
lumps for resmelting. The molten tin from the bottom of the settler is cast into slabs 
or pigs, of about 75 lb. The slabs are preferred, since they are more suitable for 
charges in the refining furnaces. Since the next charge should be melted as quickly as 
possible to reduce the tin rapidly, it is added immediately to the furnace after the 
furnace has been tapped. 

Tn addition to the use of blast furnaces and reverberatory furnaces, smelting is also 
carried out in modern three-phase Heroult electric arc furnaces. 


SLAG SMELTING 
‘The resmelting of slag to recover tin is carried out in the same type of furnace used 
for smelting the ore concentrate, but a higher temperature, up to 1480°C., is necessary 
with slag, since the reduction of tin from the silicates found in the slag is more diffieult 
than the reduction of the oxides of the ore. Anthracite screenings are usually used as a 
reducing agent, and fairly large amounts are required. Ju addition, imestone is 
usually added as a flux, and either metallic iron or lime may be added to replace tin in 
the tin silicates, thus aiding the reduetion to tin metal. Although slags should not 
contain more than 1% tin after they are smelted, they frequently contain more than 
this, many containing more than 8% being discarded. 


Refining 


Both the tin obtained by smelting ore concentrates and that obtained by smelting 
slags contain sufficient impurities that they must be refined before marketing. This 
refining may be by either heat treatment or electrolytic processes, although heat 
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treatment is by far the most important. JTleat treatment includes two steps: liquat- 
ing, or sweating; and boiling (poling) or tossing. Either or both of these operations 
may be necessary. Liquating is always the first operation in the sequence. In 
liquation, tin is heated in a small reverberatory furnace to just above its melting point. 
By this means, metals whose melting points are sufficiently higher than that of tin are 
separated from the tin, since the impurity remains in the dross. Thus iron is largely 
removed. ‘Lead and bismuth remain in the tin, but arsenic, antimony, and copper are 
partly removed hy remaining in the dross. 

Boiling and tossing are operations in which molten tin is heated while being agi- 
tated. The action of atmospheric oxygen causes metallic impurities to form lighter 
compounds, which come to the surface of the molten metal, and thus can be removed. 
These scums can be resmelted along with ore concentrates to recover their tin content. 
In boiling, the molten tin is stirred with sticks of green wood. These are decomposed 
by the heating to give an evolution of gas, which stirs the liquid. In éosszng, the molten 
metal is poured from ladles inta the heating kettle. After refining the tin is cast inte 
pigs. 

Electrolytic refining produces a much purer grade of tin than heat treatment, and 
has been used successfully in the U.S. However, it has been little used, since there is 
no extensive market for this purer grade. 


Specifications and Standards 


Before World War II, tin was for the most part sold under brand names hased on 
the company producing the tin, the name of the smelter, or the region in which the ore 
was produced. Table III presents the various brands of tin found most commonly in 
the U.S. markets and their average analyses. During World War II, the U.S. Govern- 
ment Agencies began utilizing a grading system for identifying the various types of tin. 
This grading system has been retained and is encountered in American price quotations. 
The grades established are shown in Table III. Other grades are: grade B—99.80% 
tin or higher but not meeting specifications for grade A (arsenic must not exceed 0.05%) ; 
grade C—99.65-99.79% tin or higher not meeting specifications for grade A or B 
(usually lead); grade D—99.50- 99.64% (Longhorn 2-Star may contain 0.22% lead, 
other impurities fairly low); grade E--99.0-99,.49° (Longhorn 1-Star may contain 
0.76% lead, other impurities about twice that allowed in grade A). 


Health and Safety 


The small amounts of tin present in modern cauned foods of good quality are 
quite harmless, but tin has a toxic action when administered in larger quantities, and 
some organic compounds aremuch more toxic than the simple salts, (See Vol. 9, p. 635.) 
The agreed limit of tin content in foods is 800 mg. per kilogram in the U.S., and 286 
p.p.m. in the United Kingdom. Testy have shown that many times these concen- 
trations can be consumed without adverse effects on the human system. 

The introduction of lead in terne coatings or in tin-lead solders requires the usual 
careful handling that is associated with lead (g.v.). Canned foods in tin-plated con- 
tainers are soldered only on the outside of the doubly-folded body seam. Thus, the 
solder does not come into contact with the interior of the can, Where a seam must be 
exposed to food products, pure tin, tin-silver or tin-antimony alloys are available as 
alternatives to the tin-lead range of solders, 
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Economic Aspects 


Tin is the most expensive of the common metals, The annual average prices of 
tin on the New York Market for the years 1950-1953 were as follows: 








1950 1951 1952 10538 
95.56¢/Ib. 128.31¢/lh. 120.44 ¢/Ib. 05.77 ¢/Ib. 


Because it is relatively expensive, tin finds use only where no other common metal 
will suffice. Table IV shows the important end uses for tin, 


TABLE Iv. Per Cent Consumption of Primary Tin by End Use in the U.S. and United Kingdom 
in 1953. 








Tend use U.S, ULK. 
Tinplate 57.5 47.8 
Solder 19.8 8.9 
Copper alloys (bronzes and brasses) 7.4 10.7 
White metals (babbitts, ete.) {4 17.5 
Tinning 4.7 6.9 
Collapsible tubes and foil 1.7 3.0 
Other 4.7 5.1 





The U.S. is by far the largest consumer of tin. It used over 40% of the tin 
consumed in 1953. Seventeen other countries consumed more than 1,000 long tons per 
year. See Table V. 


TABLE V. World Consumption of Tin. 





Country Consumption, long tons % of world total 

















North America 


00 53,961... eee 40.5 
Canada... . cece cee eee eens 3,950. ..0..,..0..00, 3.0 
South America 
Brazil. .... 00. cece cece eee ees 1,500.............. 1,2 
Argontina.. 2.0... eee eee eee 1,200. ..........00. 0.9 
Europe 
x ( 18, 684....,.......0. 14.3 
France... cee cere eee eens TB70. cece ee 5.7 
Western Germany.........0. 00,000.00 u ae 5§,814....0.....,... 4.5 
Netherlands... ..... 00... ccc cece eee eee 4,380...........0.. 3.3 
0 2,780.00... . ccc 2.1 
Denmark... 0.0.6. ccc ces 2,650...0.00......0. 2.0 
Poland... . 0.0 ccc cece cee eee 1,920.....0......0. 1.5 
Czechoslovakia......... Skee cn ev aeen ees 1,800.............. 1.4 
astern Germany.,........ 0.0.20 eee ee 1,500.............. 1.2 
Belgium and Luxembourg................ LIA. ee 0.9 
Asia 
JAPAN. oc cece eee 4,650...........0.. 3.6 
Boe |: 2,507. ......,..000, 1.9 
Ching. .... 0.0 cece cece eee eee eens 1,902............0. 1.5 
Australias. ccc cee cece ce ce een cca e ent erens 2,350.....0.....004 1.8 
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Uses 


Tin is the most important metal that is not mined commercially in North America. 
Uses for tin are many and are probably more widespread than for any other metal. 
Tin finds its main outlet as a protective coating for stronger materials. Next impor- 
tant outlet is as an alloying element with a wide variety of other metals. 

The ease with which tin flows under pressure makes it. ideal for the manufacture 
of collapsible tubes and pipes. Tin pipe is used mostly for handling carbonated 
beverages and foods. 

The use of tin for collapsible tubes is not nearly as important currently (1954) 
in the U.S. as it was before World War IL. War-time restrictions forced the collaps- 
thle tube industry to replace the tin with aluminum, lead, and tin-coated lead. 
The favored tin alloy for collapsible tubes contains 0.25% copper to secure the optimum 
degree of strength and collapsibility. This alloy more closely approaches the ideal 
collapsible tube alloy than any of its replacements. It is perfectly collapsible and non- 
toxic; whereas aluminum work-hardens and lead is toxic. However, it is more ex- 
pensive than the replacements and is used only in exacting applications. 

Tin powder is used for metallizing for decorative paper, and in paste form for 
joining metals. 

Tin coatings for copper, steel, and other metals are important outlets for tin, but 
the major one is tinplate for cans. From one-third to one-half of the tin used in the 
U.S. is used for tinplate, Large tonnages of steel are also used in tinplate. Tinplate 
accounted for 1 ton out of every 16 tons of steel produced in the U.S. in 1953. It is 
second only to the automobile industry as a major consumer of steel. 

Roughly two-thirds of the cans manufactured in 1953 were food cans. Since 
linings of steel food cans must be both nontoxic and protective, tin is admirably suited 
for this job. Tin is more resistant than steel to atmospheric conditions. In the ab- 
sence of air (in acid solutions), it protects steel even when the coating is imperfect. 
In the absence of air, the reversal of potential causes the tin to act as an anode, thus 
protecting the breaks in the coating. This unique property has been the keystone of 
the canning industry since its beginning in 1810 when Hall and Donkin, following 
Appert’s directions for preserving, first produced canned foodsin tinned-iron containers. 
As one might expect from the nature of this protection, the corrosion resistance is a 
direct function of the amount of tin present on the inside of the can. 

The canning industry requires that canned foods withstand two years on the gro- 
cer’s shelves. Before World War IT, this requirement was easily met in all but the 
most corrosive food packs by using hot dip “standard coke tinplate,” which averaged 
80 millionths of an inch of tin on aside. With the Far Eastern tin fields cut off during 
World War IT, it was necessary to stretch the tin supply ag much as possible. Savings 
possible with the hot dip process were only 10-15%, owing to the limitations of the 
process. Accordingly, electrotinning processes, which could produce coatings of any 
thickness, were adopted. In 1953, 72% of the tinplate produced in the U.S. was 
electrotinned, (See Vol. 5, p. 639.) 

Electrotinplate is now produced in three standard coating thicknesses as follows: 
No. 25 (0.25 lb. of tin per base box) equivalent to 15 millionths of an inch, No. 50 
(0.50 lb. of tin per base box) equivalent to 30 millionths of an inch, No. 75 (0.75 Ib. of 
tin per base box) equivalent to 45 millionths of an inch. 

The minimum coating weights of hot-dip tinplate, the so-called Common Cokes 
of commerce (1.25 lb. per base box calculated on a basis of pot yield) carry 70 
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millionths of au inch of tin on aside. Tflectrotinplate in the thinner coating weights is 
used in dry packs. It is also used for ends in mildly corrosive food packs. Some of 
the food packs require organic coatings over the tin to prevent either discoloration, 
bleaching, or off-flavor. A recent innovation is the so-called “differentially”? coated 
electrotinplate. A different thickness of tin is applied to each side of the sheet, 
for example, the inside is coated with 60 millionths (1 Ib. per hase box) and the outside 
may be as low as 15 (0.25 Ib, per base box) millionths of an inch of tin. TIeavily tinned 
coatings of the order of 0.0005 -0.0010 inch thick are applied to steel, cast iron, and 
copper articles that come into contact with foods, Examples are 5-gallon and 10- 
gallon tinned-stcel milk cans, tinned cast-iron food grinders, and tincd-copper uten- 
sils used in restaurants and in food processing, ‘The coatings are usually applied by 
hot dipping. A considerable amount of copper wire is tinned to prevent attack of the 
copper by rubber insulation and to make soldering easier. Steel, copper, and brass 
connectors used in the electrical industries are usually tinned to facilitate soldering, 
Tin finds use In the so-called “fusible” alloys, See Bismuth and bismuth alloys. 


Alloys 


Coatings. Jerne plate, the oldest tin alloy coating, is sheet steel covered with a 
tin-lead alloy by hot dipping. See Vol. 8, p. 905. Tt was first used as roofing material. 
Many other uses for terne plate since have been developed, so that now perhaps 40% 
of the tin-lead coated steel is used in other ways. Automobile gasoline tanks and ex- 
haust pipes, for example, are teme-coated for added protection. Capacitor cans and 
transformer cans account for a considerable consumption of ‘terne” alloys for coatings. 
Terne-coating alloys contain from 12 to 50% tin. The higher tin contents are used 
where good soldering properties are desired. 

‘Tin-alloy electrocoatings have been developed recently for a number of industrial 
applications. Seven alloy combinations are being uscd commercially. These are 
tin-copper, tin-zine, tin-cadmium, tin-nickel, tin-lead, copper-tin-lead, and eopper- 
tin-zine. 

The tin-copper clectrocoatings fall into two classes: the lower tin content ‘red 
bronzes” which correspond to the ordinary copper-tin foundry alloys, and the higher 
tin content “white bronzes” or speculum alloys. 

The red bronze coatings contain from 5 to 20% tin. They are used principally as 
a, stop-off in nitriding and carbonitriding stecl. They also provide an excellent cor- 
rosion-resistant undercoat for chromium plating. 

Speculum alloy coatings contain 30-45% tin, They are hard and scratech- 
resistant and resist tarnishing by most food products, ‘The alloy has a pleasing white 
color and is suitable for applications similar to those of silver plate. Two plating 
methods have been developed; one is bright as plated and the other requires some 
buffing to attain a high polish. 

The outstanding characteristic of tin-zinc alloy coatings is the excellent protection 
afforded to steel. For the same thickness, tin-zine provides greater protection than 
either zinc or cadmium. Like cadmium, it is easy to solder. The alloy is protective 
in the range 50-80% tin, the protective value increasing slightly with increasing tin 
up to 80%, Solderability is excellent for the 80% alloy and deteriorates steadily with 
reduction in tin content. These properties make the 80% alloy useful in the radio 
and television industry as a coating for chassis, loud-speaker frames, and other com- 
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ponents. If desired, the corrosion resistance can be further inereased by a simple 
passivation treatment in hot 2% chromic acid solution. 

Commercial methods for electroplating cadmium-tin alloy have been announced 
recently. Salt-spray and humidity-chamber test data show that alloys around 75% 
cadmium and 25% tin have many times the protective value of cadmium in affording 
corrosion protection for steel. ‘This alloy is being used on aircraft-engine parts. 

Until the recent announcement of a new method of electroplating bright tin- 
nickel coatings, electroplated chromium on a copper-nickel undercoat was the only 
known base-metal coating possessing a high degree of resistance to atmospheric 
tarnishing. The new tin-nickel coating method yields a bright 65% tin, 35% nickel 
alloy coating over a wide range of plating conditions in a singularly uncomplicated 
plating operation. This alloy coating is as lasting as chromium on nickel-copper. 
It has a pleasing color. Whereas chromium deposits have a bluish tint and nickel 
deposits a yellow tint, the tin-nickel deposits have a slight rose cast. 

Electroplated tin-lead alloy coatings are a fairly recent development. They may 
be plated in any desired ratio, depending on the application. There are a considerable 
number of commercial installations. Coatings for the corrosion protection of bearing 
alloys are an important application. 

Another recent commercial development that stemmed from tin-lead alloy plating 
is the use of copper-tin-lead clectroplates in bearings. A method for electroplating a 

‘bright alloy deposit containing approximately 56% of copper, 28% of tin, and 16% 
of zinc was developed for military use during World War Ii. The coating has good 
wear and tarnish resistance aud has been used to protect copper and copper alloys. 
Copper undercoats are necessary to secure satisfactory corrosion protection on steel. 

Electrotin coatings containing small quantities of bismuth, of the order of 0.05- 
0.1%, have been advocated for low-temperature applications, to insure that no traus- 
formation of the “white tin” coatings to “gray tin” takes place. This transformation 
is accompanied by an expansion that disintegrates the tin coating into powder. Since 
bismuth is a potent inhibitor of this transformation, methods of plating small amounts 
of bismuth with tin have been tried experimentally. 

Bronzes. ‘The carliest, known application of tin was as an addition to copper to 
harden it. These copper-tin alloys, with or without other modifying elements, are 
classed under the gencral name of tin bronzes. These inclnde two principal types: 
the so-called phosphor bronzes, containing up to 10-12% tin with small additions of 
phosphorus added chiefly for deoxidation purposes; and the gun metals, which are tin 
bronze casting alloys modified with 1-6% zine to secure gasree, pressure-tight, 
corrosion-resistaut castings. Both these alloy types may be further modified with 
additions of lead to secure better machinability and, in the case of phosphor bronzes, 
to secure a more conformable bearing alloy. There are some special alloys which fall 
outside these two principal types of tin-bronzes. Bell metal, for example, contains 
around 20% tin. However, these special alloys are not of great importance commer- 
cially, See Copper alloys. 

Tin-Antimony-Copper Alloys. Tin requires both copper and antimony additions 
for satisfactory bearing properties. Up to 8.5% of each is used. Antimony strength- 
ens the bearing alloy matrix by dissolving in tin up to about 8%. Above this, hard 
cubic particles of tin-antimony compound are formed which tend to float. Copper 
additions are necessary to secure a uniform distribution of these hard cubic particles, 
It does this by forming hard, needle-shaped, particles of copper-tin compound which 
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entrains the tin-antimony cubes, thus providing a relatively hard “pavement” in a 
soft, hut reasonably rigid bearing alloy matrix—the classic bearing alloy structure. 
See Antimony and antimony alloys; Bearing metals. 

There are two other important end uses for these high tin-antimony-copper alloys; 
die-casting alloys and pewter. 

Compositions of the three A. S.T.M, standard tin-base alloys for die casting are 
given in Table VI, 


TABLE VI. Desired Compositions of A.S.T.M. Standard Tin-Base Die-Casting Alloys." 











Ch ‘composi tion, in 














Alluy No. Tin An ‘timony "Copper i _ Lead 
a yf 4.5 4.5 ae 
2 82 13 5 — 
3 65 15 2 18 





® ASTM. Standard B102-48. 


The original pewters were alloys of tin and Sead, but toxicity and dullness im- 
parted by lead has precluded their use in modern pewter alloys. A range of com- 
position for typical modern pewter that finds favor with many pewter craftsmen manu- 
facturing artware contains 4-6.5% of antimony, 1-1.5% of copper, and the balance tin. - 
A slightly harder alloy, Britannia metal, contains around 7% of antimony, 2% of 
copper, and the balance tin. This is used for such things as mountings on holloware 
which are subsequently silver plated. Pewter alloys for artware may be cast or spun. 
A recent development that avoids distortion in service, a serious drawback of ordinary 
pewter alloys, isa hardenable pewter, This alloy contains 0.1% of silver in addition to 
the usual proportions of antimony and copper.. It is harder than ordinary pewter 
in the as-cast form but softens during rolling into shect, so that it can be spun or 
hammered and then fully hardened by heat treatment. Up to 1.5% bismuth may be 
used as a hardener for cast pewter, but may cause brittleness in the spinning operation. 
if lead impurities are present. ; 

_ Lead-Antimony-Tin Alloys. Lead-base alloys containing tin and antimony are 
used extensively as a replacement for tin-babbitts. These so-called “lead babbitts” 
have been known for centuries in the form of type metals (g.v.). See also Bearing 
metals; Lead alloys. The particular compositions used in lead babhitts correspond to 
the harder type-metal alloys. There are two classes: (1) those containing 12-18% of 
antimony and up to 5% of tin; (2) aslightly harder bearing alloy containing the same 
amount of antimony but with 10- 12% of tin. 

Tin-Lead Alloys. Tin alloys easily with lead to form a group of alloys known as 
soft solders.; (See Solders and brazing alloys. See also Indium; Lead alloys.) Because 
of their unique properties, the (in-base solders have no serious competitors in the feld 
of low-temperature soldering, 

.  'Tinis the important element in soft solders, since it is the constituent that does the 
adhering. It adheres readily to most metals and alloys, particularly such common 
metals as iron, steel, and copper. Tin has a low melting point (450°F.) and is some- 
times used alone as a solder, us, for example, in soldering galvanized iron. However, 

mixed with -nonadhering lead, not:only is the melting point reduced considerably but 
the alloy is cheaper and in most cages the joint is much stronger. A 50-50 mixture of 
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tin and lead makes the strongest joints. This is the popular, general purpose, solder 
alloy. 
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DETINNING 


Detinning, as the term is used in the industry, refers to the processing of tin- 
plate scrap for the recovery of thé tin coating and the reclamation of the base steel. 
The bulk of the scrap thus treated originates in the manufacture of tin cans, although 
some is derived from miscellaneous fabricating industries using tin plate. A small 
fraction of a potentially large source in the form of used tin cans is also processed. 

The tin plate which is the basic raw material for the can manufacturing industry 
is sheet steel, commonly about 0.01 in. thick, with a coating of pure tin averaging some- 
what less than 1% of the weight of the steel. This percentage of tin is sufficient to 
make the serap unsuitable for return to steel furnaces, where the surface coating would 
alloy with the steel in the melting process and impair the properties of the finished 
product. It is essential, therefore, that the tin be removed from the steel before the 
latter has any value as scrap in steelmaking. This fact, together with the value of 
the tin recoverable, has long stimulated the imagination of inventors, and led to the 
establishment of a considerable detinning industry prior to 1900 in the U.S. and earlier 
in Germany. The growth of the industry has roughly paralleled that of can manu- 
facturing, which has been its principal source of raw material. 


OLDER PROCESSES 
Since the middle of the 19th century hundreds of patents have been issued covering 
a wide variety of detinning processes and equipment. These have included physical 
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methods such as volatiliging or melting the tin off the steel, chemical methods using a 
wide variety of different agents, amalgamation with mercury or alloying with other 
metals, and several types of electrolytic processes. Many of these never were used, 
since they were quite impractical from a chemical or cost standpoint. Some were 
tried briefly, then abandoned. Of the others, three processes have accounted for nearly 
all commercial detinning: (1) alkaline electrolytic process, (2) chlorine process, and 
(8) alkali chemical process. The first two ure outlined briefly for their historical im- 
portance, although they have been generally superseded by the alkali chemical process. 

Patents on the use of electrolysis in alkaline solution and on the use of chlorine for 
detinning date back as far as 1876 and 1854, respectively. It was not until 1882, 
however, that the growth of commercial electric: power facilities favored the establish- 
ment of an electrolytic delinning industry in Germany. Prominent among early 
producers was the Goldschmidt Detinning Company. The process consisted es- 
sentially of electrolysis in a hot solution of caustic soda, with the tin-plate scrap us 
anode and steel plates as cathodes. The tin was dissolved from the scrap and deposited 
on the cathodes in spongy form; it was then scraped off, washed, dried, and smelted to 
form pig tin. Details of this process have been given by Mantell (2). Considerable 
tonnages of scrap were detinned by this method, but the necessity for handling the 
material in relatively small batches made labor costs high. 

The chlorine process, which began to supplant the electrolytic method on an ex- 
tensive scale about. 1907, was based on the fact that dry chlorine reacts readily with 
tin at low temperatures to form tin telrachloride without affecting the iron. The 
reaction was carried out in large iron cylinders, and the tin tetrachloride was recovered 
as anhydrous liquid SnCl,, b.p. 114°C., which was either marketed as such or converted 
to tin oxide. Success of the process depended on completely excluding moisture and 
maintaining the temperature below about 50°C.; otherwise the iron was attacked with 
formation of ferric chloride. Mantel! (3) has described some of the variations of the 
process; these deal mainly with the control of pressure, dilution of chlorine with air, 
and use of chlorine in an anhydrous solvent such as stannic chloride or carbon tetra- 
chloride. 

Advantages of chlorine detinning lay chiefly in the lower labor costs inherent in 
the process and in the handling of large batches, and in the direct recovery of a valuable 
product in the form of stannic chloride. The latter found its princtpal market in the 
dyeing and weighting of silk. This market largely disappeared about 1936, partly 
as a result of the rapid growth of the rayon industry, and this compelled the detinning 
industry to shift emphasis to other products. Some stannic chloride was converted 
to oxide, but the industry soon changed over to the alkali chemical process which forms 
the basis for most, present American detinning practice. 


ALKALI CHEMICAL PROCESS 


Tn the alkali chemical process the scrap is treated with a hot solution of caustic 
soda in the presence of an oxidizing agent, commonly sodium nitrate or nitrite, whereby 
the tin is dissolved as sodium stannate and the steel remains unaffected. ‘The steel is 
rinsed and pressed into bales for shipping. 

The tin may be recovered from the stannate solution (J) as sodium stannate 
crystals, NasSnQ;.3H20, (%) as metal by electrolysis, or (3) as tin oxide by neutraliza- 
tion of the solution. Neutralization may be carried out either with sulfuric acid (1) 
or with carbon dioxide, as indicated in the following equations: 
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NaSnO; + FSO, —_——> SnO2 + NasSO, + H20 
NaSnQ; ~b COs —_—> SnO2 + NagCOs; 
The choice of neutralizing agent depends on circumstances, Availability of cheap 
sulfuric acid may favor the first, whereas the second process offers an advantage in 
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Fig. 1. Detinning practice at The Vulcan Detinning Co. plants. 


permitting recovery of sodium hydroxide by recausticizing the sodium carbonate solu- 
tion with lime. Jn either case, the tin oxide recovered is usually smelted to obtain pig 
tin, 

Wlectrolysis of the stannate solution to yield metallic tin directly is standard prac- 
tice in several plants. ‘Chis has certain advantages in processing cost, as well as in 
giving directly a metal of high purity. Asa matter of fact, most of the tin produced 
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as a result of detinning operations today is of superior quality, generally assaying better 
than 99.95% pure. ‘This is understandable in view of the nature of the raw material 
and the process steps involved, 

Outstanding advantages of the alkali chemical process over the old electrolytic 
detinning provess are the handling of scrap in large batches of several tons instead of in 
small units of from fifty to a few hundred pounds and the much greater purity of the 
tin recovered, The metal obtained by the old process was generally heavily contam- 
inated with lead, limiting its use to the production of solder and other alloys. 

Illustrative of present practice is the operation of the plant of The Vulean De- 
tinning Company at Neville Island, Pennsylvania. A caustic soda solution leaching 
process is used, with sodium nitrate and sodium nitrite as oxidizing agents. Tin is 
recovered as metal by electrolysis. Operations at this plant are shown in the flow 
diagram in Fig. |. 

Tin-plate scrap, consisting of punch press skeleton sheets, punchings, trimmings, 
shredded cans, and defective sheets, is loaded directly into detinning baskets. These 
consist of large perforated steel plate cylinders, supported in a horizontal position on 
end trunnions attached to a structural steel frame. A removable section or lid which 
extends the full length of the basket provides the opening for loading and unloading 
the scrap. A drive on each of the 24 scrap-treating tanks is used to revolve the 
baskets; this creates a movement within the mass of scrap and insures access of the 
solutions to all surfaces. 

All tanks and equipment exposed to the detinning solutions are of steel construc- 
tion. Steam coils in the detinning and cleaning tanks supply the heat required to 
maintain temperature of the solutions at 205-210°F, 

Cleaning solutions contain 10 g. per liter of sodium hydroxide and are used to re- 
move the organic enamels which may be used as coatings over the tin. The organic 
coatings dissolve in the solutions, which periodically are discarded and replaced with 
fresh solutions. After cleaning, scrap is rinsed with hot water before placing in the 
detinning tanks. 

Detinning solutions are hot caustic soda solutions dontaining sodium nitrate and 
sodium nitrite. The tin is leached from the surface of the steel; reactions are as fol- 
lows: 


28n + 3 NaOH + NaNOg ———> 2 NasSnO; -++ NH: 
385n + 3 NaOH + 3 NaNOzg ———> 3 NaBn0s ~- N, + NH; 


The detinning solutions are made up to contain 80 to 90 g. per liter of sodium hydroxide, 
and additions of a concentrated solution of sodium nitrate and sodium nitrite are made 
as required. Operations in each detinning tank are on a batch basis, and when a con- 
centration of about 50 g. per liter of tin is reached, the solutions are pumped to storage 
tanks. About three hours is required to detin each basket of scrap. Four rinse 
tanks provide a countercurrent washing system for the baskets of detinned scrap. 
Hot water, after flowing through the rinse system, is used to maintain the proper 
level in the detinning tanks and in the making up of starting solutions. 

Detinned scrap is compressed into bales weighing about 600 Ib. with a hydrauli- 
cally operated baling press. The baled steel contains a maximum of 0.03% surface 
tin and is marketed as heavy melting steel scrap. 

Detinning solutions and spent electrolyte are sent to the evaporators, where most 
of the tin is crystallized ont as hydrated sodium stannate (Na8n0;.38H.0). The high- 
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gravity solution from the evaporators is returned to the detinning tanks after the so- 
dium stannate has been separated in a continuous solid bowl centrifuge. The impure 
sodium stannate is dissolved in hot water and sodium sulfide is added to precipitate 
lead and zine; the reactions are as Follows: 


NagPbOs + NaS + 2 H,0 ———> PbS + 4Na0H 
NaeZnQ2 -+ Nas + 2 H,O0 ———> Z2n8 + 4Na0H 


Accumulations of sulfide precipitates which settle out of the sodium stannate solution 
are slurried in water and filtered on a plate and frame filter press. 

The clarified sodium stannate solution contains from 110 to 120 g. per liter of tin 
and is sent to the electrolytic cells or is evaporated to produce a purified socium stan- 
nate, which is marketed chiefly for use in the tin electroplating industry. 

The electrolytic cell system contains 112 cells in seven rows of 16 eclls each; 
the electrolyte enters the first row and flows through the seven rows before leaving as 
spent electrolyte. The electrolyte in each cascaded row of cells is circulated through a 
heat exchanger to maintain a temperature of 190-200°F. Tin is deposited at the cath- 
ode in a dense, smooth form and oxygen is evolved at the anode. Steel electrodes 
are used. Cells are rectangular steel tanks, each containing 12 cathodes and 13 
anodes. 

Cells are usually operated at a current density of 8 to 12 amp. per square foot, 
with an average current efficiency of 75% (546 amp.-hr. per pound of tin). All cells 
are connected in series and operate at about 2.2 v. each. Cathodes are pulled for 
stripping when the tin deposit has built up to a thickness of approximately 34. in. 

The tin is melted from the cathode plates in a tank of molten tin, stripped tin 
overflowing into refining kettles. Small amounts of iron and zinc are removed in 
a kettle treatment. The small amount of dross produced contains 85-90% tin and 
may be smelted to recover the tin, 

Refined electrolytic tin is cast into 100 lb. pigs. The tin produced averages about 
99.97% pure, with small amounts of antimony, iron, and lead as principal impurities. 


ECONOMIC ASPECTS 

The largest single use of tin is in tin plate, of which the major portion goes into 
the making of cans. It is estimated that approximately 10-15% of the tin plate thus 
used is left as scrap. This, together with scrap from miscellaneous fabricating opera- 
tions, furnishes a large tonnage of relatively uniform raw material for the detinning 
industry. In addition, used tin cans comprise a source which may be exploited as 
circumstances dictate; during World War IT they were processed in large quantities 
to yield considerable tonnages of steel and tin. Production figures for the U.S. de- 
tinning industry for the years 1933-52, as given by the Bureau of Mines (4), are listed 
in Table I. Prior to 1986 the bulk of the tin was recovered in the form of tin com- 
pounds, principally stannic chloride. With the sharp decline in the use of this com- 
pound in connection with the weighting of silk there was an immediate reversal of the 
ratio of metal to compounds as the final form of the recovered tin, and in recent years 
approximately 85-90% of the tin has been marketed as metal. 

Although the tonnage of scrap treated annually has approximately tripled since 
1933, the tonnage of tin recovered has decreased somewhat since 1942. This can 
be attributed to the introduction of electrolytic tin plate in the early part of the war 
and the subsequent steady supplanting of hot-dipped tin plate by the electrolytic 
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TABLE I. Detinning Operations in the United States, 1933-52. 


Lb. tin reeovered 
per long ton scrap 











Scrap treated (long tons) Tin recovered (short tons) — 
— From 
New As As new Trom 
Vear scrap Clans Total metal compounds Total _ scrap eens 
1933 155, 844 — 165, 84-4 938 2,008 2, 9-46 37.8 
1988 209, 474 3, 059 212,533 2,534 1,389 3,928 37.1 
1939 248,676 §, 429 255,105 4,089 680 4,769 37.7 
1940 268 , 269 4,963 273,232 4,147 OUT 1,844 36.7 
1943 206 , 336 175, 870 382,206 4,327 250 4,577 25.1 22,6 
1945 257 , 545 114,311 371,856 3,527 454 3,981 22.6 18.7 
1950 469,417 16,818 486,235 3,607 644 4,341 18.0 14.3 
1952 439,321 25,890 465,211 2,952 350 3,302 14.2 14.3 








product, Whereas the former carried an average of well over 1% tin, electrolytic 
coatings have been largely standardized at 14, 14 and 34 Ib. of tin per base box, equiva- 
lent roughly to 0.25, 0.50, and 0.75% tin on the steel. This trend is well illustrated 
in the figures for pounds of tin recovered per ton of scrap. 

The United States, since tt has virtually uo domestic sources of tin ore and is the 
world’s largest consumer of tin, is dependent on imports aud on secondary recovery. 
Since the largest single use of tin is in the manufacture of tin cans, this presents the 
greatest potential source for secoudary recovery. Detinning plants already do an 
efficient job in processing the scrap incident to can manufacture, but the cans them- 
selves, except for a very small fraction sent to detinners, generally end up on the dump 
with a total loss of the associated tin. Under sufficient incentive, as was demonstrated 
during World War II, much of this could be salvaged. Obstacles to large-scale de- 
tinning of used cans are economic rather than technical and depend chiefly on the cost 
of collecting the cans. 
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TIN BRASS; TIN BRONZE. Sec Copper alloys (wrought), Vol. 4, p. 454; Copper alloys 
(cast), Vol. 4, p. 461. 

TIN COATING, TIN PLATING. See Mectroplating, Vol. 5, p. 689; Metallic coatings, 
Vol. 8, p. 905. 
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TIN COMPOUNDS 


Tin, with an atomic structure of two s and two p electrons, exhibits valence numbers 
of +2 and +4. It forms stannous, Sn?*, and stannic, Sn‘t, compounds, as well as 
complex salts of the stannite, MeSnX,, and stannate, M.SnX¢, type. Tin compounds 
have been known from very early Limes. The Copts of Egypt are believed to have 
used a basic citrate of tin in the preparation of dyes, and the alchemists prepared 
stannic chloride. Industrial tin compounds have wide use in industry, in the fields of 
textiles, ceramics, and metal coatings. The U.S. peacetime consumption of tin 
compounds, based on Dept. of Commerce figures, is about 1000 tons per year as shown 
in Table I. 


TABLE I. Consumption of Tin Chemicals in the United States. 











Tin content, gross tonsa 1940 ” 1942 1944 1946 1948 1950 1852 
Tin chemicals* 382 246 293 601 226 317 687 
Tin oxide 1157 131 _ —_ 274 890 396 








* Other than tin oxide. 
® Includes misecllancous. 


The bulk of the tin chemicals consumed in the U.S. is domestically produced, a 
large portion from tin alloys scrap, and as a direct: by-product of detinning operations 
(see Tin and tin alloys (detinning)), but some tin salts areimported, There isanimport 
duty of 1214% ad valorem on all chemicals in which tin constitutes the chief value 
(1952). Prices for the tonnage tin chemicals fluctuate with the price of the metal. 

Although a great many inorganic tin compounds are known and described in the 
literature, only about fifty are of more than passing interest, and no more than ten are 
produced industrially on a substantial scale. Most of these are stannous compounds, 
the dichloride (both anhydrous and hydrated), sulfate, oxide, fluoborate, oxalate, and 
the tin soaps; stannic compounds available commercially are the tetrachloride, the 
dioxide, and the sodium and potassium stannates and some heavy-metal stannates. 
The years of World War II brought about a severe reduction in the consumption of 
tin compounds, and in some fields salts of other less critical metals have bean used 
instead of tin chemicals. However, new uses for tin chemicals are constantly being 
found and ground lost in some fields is being made up in others. See also “ Metallic 
soaps having nondrier uses” under Driers and metallic soaps, Vol. 5, p. 206; Organo- 
metallic compounds, Vol. 9, p. 633. 

Bivalent tin salts are most convenicutly obtained from stannous oxide, SnO, or 
the hydroxide, Sn(OH):, both of which react very readily. Stannie oxide, SuOz, 
or preferably hydrated stannic oxide, readily yields a water-soluble alkali metal stan- 
nate. Water-insoluble stannates are generally prepared by double decomposition 
reactions. In many cases, such as the chlorides, the metal itself is used as the starting 
material. Cassiterite is seldom used as a raw material because of its refractory 
nature, which makes it yield only to alkaline fusions. 


Stannane. See “Tin hydride.” | 
Stannates. See under “Tin oxides and hydrated oxides.” 
Thiostannates. Sce under ‘Tin sulfides.” 
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Tin Acetates, 


Stannous acetate (14), 8n(C.H30O,)., formula weight 236.79, is a colorless crystal- 
line salt which finds use in the textile industry to promote exhaustion of dyes. A solu- 
tion of it may be prepared by double decomposition of lead acetate and stannous 
chloride, or by dissolving stannous oxide in glacial acetic acid. This solution is the 
article of commerce, The dry salt can be prepared by precipitation with alcohol. 

Stannic acetate (18), Sn(C2H30.)4, formula weight 354.9, can be prepared by 
reaction of thallous acetate with tin tetraiodide in acetic anhydride: 


4 TICCsH202) -+ Sn ——> Sn(CoH,0.) + 4 TI 


{tis a white crystalline salt, m.p. 253°C. It hydrolyzes very readily in moist air, 


Tin Bromides. Sce under ‘Tin halides.” 
Tin Chlorides. See under ‘Tin halides.’ 


Tin Chromate. 


Stannic chromate is a yellow-brown powder obtained by treating solutions of 
stannic chloride with potassium dichromate. 
Chrome-tin pink is a ceramic pigment (see Vol. 4, p. 286). 


Tin Finoborate. 


Stannous fluoborate (6), Sn(Bye formula weight 292.34, forms the basis of a 
commercially important tin plating bath. It is made by dissolving stannous oxide in 
fluoboric acid. Ii is commercially available only in the form of a 47% solution. 


Tin Fluoride. Scc ‘Tin halides.” 
Tin Formate. 


Stamnous formate (25), Sn(CHO,)s, formula weight 208.74, forms white anhy- 
drous crystals which decompose in air above 100°C. It is obtained by treating 
stannous oxide with formie acid below 60°C. Its use in the hydrogenation of fuels in 
the liquid phase has been patented (25). 


Tin Halides. 


Stamnous chloride (4,30,34), SnChk, formula weight 189.61, m.p. 246.7°C., is 
soluble in water, alcohol, glacial acetic acid, and many organic solvents. It forms 
a hydrate, SnClh.H.O, The hydrate, which melts at 37-88°C. with decomposition, 
is soluble in water, aleohol, ethyl acetate, and glacial acetic acid. On standing it 
undergoes internal decomposition to form a basie salt by loss of hydrogen chloride. . 

Stannous chloride solutions are strongly reducing. The more dilute aqueous 
solutions tend to hydrolyze, but can be stabilized by the addition of small amounts 
(0.25-1%) of hydrochloric acid. Addition of alkalies precipitates a hydrated oxide, 
which reacts with excess alkali to form soluble stannites, 

The anhydrous salt may be made by direct reaction of chlorine and molten tin. 
The hydrated salt is obtained by treating flaked tin with hydrochloric acid, followed 
by evaporation and crystallization, or by cathodically reducing a solution of stanni 
chloride. . 

Uses of stannous chloride include electrotinning of steel strip in the so-called 
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halogen process, immersion tinning processes, tin coating of paper, antisludge agent 
for lubricating oils, stabilization of perfumes in soaps, catalyst in organic reactions, 
activator in electrodeposition of plastics and in silvering of mirrors, and ingredient 
in drilling mud conditioners. 

Complex salts of stannous chloride are known as the chlorostannites (chloro- 
stannates(IT)). Many of them can be prepared by evaporation of solutions of the 
component salts. The anions SnCly, SuClj~, and SnClj~ are known, and salts 
such as ammonium trichlorostannate(I]), NH.5nCl;.H20, ammonium tetrachloro- 
stannate(IJ, (NH4)8nCh.2H.0, and ammonium pentachlorostannate(II]), (NH4):- 
§nCi;,.3H.,O, have been reported. They are described as stable in air, but some may 
lose their water of hydration. 

Stannic chloride (tin tetrachloride) (2,32,35,36,38,40,48), SnCl (the “spiritus 
argentt vivt sublimat:” of Libavius, first described in 1605), formula weight 260.53, 
mp. —80.2°C., b.p. 114°C., sp.gr. 2.23, is a colorless fuming liquid. It is soluble in 
water with evolution of heat. It is a nonconductor. It forms a number of solid 
or semisolid hydrates which are sold commercially. Tin tetrachloride is miscible 
with alcohol, carbon tetrachloride, benzene, toluene, kerosine, and other organic sol- 
vents. It can be prepared in various ways, but the simplest method which is used 
commercially on a large scale is the direct chlorination of tin, either as molten metal 
or suspended as finely divided tin under tin tetrachloride. Stannous chloride may 
also be formed, but stannic chloride can be separated from it easily since it is a gas at 
the operating temperature. The bulk of the tin tetrachloride consumed in the U.S. 
was at one time supplied by the chlorination of tin plate (sce Tin and tin alloys (de- 
tinning). 

Tin tetrachloride may safely be handled in plain steel equipment in the absence 
of moisture. Itis shipped in steel drums. 

The use of tin tetrachloride as a mordant in silk dyeing is quite old. he weight- 
ing of silk by means of tin tetrachloride is, however, a development of the 50 years 
before about 1985. From then on this use, which at one time accounted for most of 
the tin tetrachloride consumption of the world, decreased rapidly. Today, tin tetra- 
chloride still finds many diverse uses, of which the largest one is probably in the prepa- 
ration of organotin compounds. 

Tin tetrachloride forms a series of chlorostannates (hexachlorostannates(IV)), 
MSnCk. The hexahydrate of H:SnCl, has been reported by several authors. It is 
stated that it loses hydrogen chloride and water in air to form SnCl,.5H.0. The fol- 
lowing chlorostannates have commercial importance. Ammonium chlorostannate, 
(NH,).8nCl;, formula weight 367.58, is a white crystalline salt readily soluble in cold 
and hot water. The compound used to be known as“ pink salts,” and under this name 
was widely used in the textile industry before pure tin tetrachloride and pure tin tetra- 
chloride pentahydrate became commercially available. Sodium  chlorostannate, 
NaSnCk.5H.0, formula weight 467.43, is a white crystalline salt readily soluble in 
cold and hot water. It has been used for the same purpose as the ammonium salt, 

Stannous bromide, SnBm, formula weight 278.5, is a light yellow erystalline salt, 
m.p. 282°C., b.p. 618°C., which is hydrolyzed by water and is also sensitive to light. 
It is prepared by dissolving tin in concentrated hydrobromic acid. From this solu- 
tion, a product, SuBr..2HBr.8H,0, can be isolated, which is decomposed by heat to 
yield stannous bromide. Stannous bromide combines with metal bromides to form 
a series of bromostannites which are analogous to the chlorostannites. 
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Stannic bromide, SuBry, formula weight 438.4, is a crystalline, slightly hygro- 
scopic substance prepared with ease from tin and bromine; m.p. 33°C., b.p. 201°C. 
Ttis very stable thermally and can be purified by distillation but it is decomposed by 
water. Because of its low melting point and high specific gravity (3.31), 1t finds use 
in the laboratory for the metallurgical separation of minerals, Stannic bromide 
forms 4 series of bromosiannates, M.5n Bre. 

Stannous iodide, SnI., formula weight, 372.5, is a slightly water-soluble substance 
which forms deep red crystals melting at 320°C. and boiling at 720°C. Tt is prepared 
from tin and concentrated hydroiodic acid. A number of iodostannites are known, 
most of which are decomposed by water. 

Stannic fodide, SnJz, formula weight 626.4, m.p. 148.5°C., b.p. 840°C., forms 
yellow to reddish crystals which are decomposed by water. Of the complex zode- 
stannates, M.SnIz, only the salts of rubidium and cesium have been reported. The 
salts of ammonium, sodium, and potassium eould not be prepared (1). 

Stannous fluoride, 8nF., molecular weight 156.70, forms opaque, lustrous crystals 
which are quite soluble ix cold water. It is readily prepared from stannous oxide and 
hydrofluoric acid. It has shown promise in preventing decalcification of teeth (15). 

Stanniec fluoride, Sn¥,, formula weight 194.70, is chiefly a laboratory curiosity. 
Its solution in water is more stable than that of the chloride. Stannic fluoride forms 
the basis of a series of fluostannates containing the complex ion SnF,2-, none of which 
have commercial importance. 


Tin Hydride. 


Tin tetrahydride (stannane) (14), SnH,, formula weight 122.73, is the only known 
hydride of tin. It is a gas at room temperature and undergoes slaw decomposition, 
which becomes very rapid at [45-150°C. It can be prepared by treating stannic 
chloride with lithium aluminium hydride, TiAlHy, in diethyl ether at; ~30°C. This 
compound can also be prepared in dilute aqueous hydrochloric acid (0.6N) by the 
action of sodium borohydride, NaBHy, on stannous chloride according to the equation: 


48n2*+ + 3 BHy + 6 H.0 ——— 4&nH, + 3 HBO, + 6Ht 


The sodium borehydride hydrolyzes, and cousiderable amounts of borates, principally 
metaborates, are produced. By varying the concentration of the tin compounds, 
conversions to stannane up to 100 per cent can be obtained (16). This method is 
adaptable to the quantitative determination of tin in small quantities. Tin hydride 
has been used to gas-plate tin on metal and ceramic surfaces, 


Tin Nitrates. 


The existence of either stannous nitrate or stannic nitrate in the solid state must 
be questioned, although both compounds were claimed to have been made before 1900. 
Solutions of such nitrates can, however, be made, Those containing stannous tin 
must be prepared cold, and they are quite unstable. All solutions containing tin and 
nitric acid decompose on aging and upon heating and dilution. 


Tin Oxalate (11,14). 


Stamnous oxalate, Sn(C2Ox)2, formula weight 206.72, is a white, heavy powder, 
sparingly soluble in either hot or cold water, but readily soluble in strong hot hydro- 


TIN COMPOUNDS 161 


chlorie acid. It is prepared in almost quautitative yield by precipitating a stannous 
chloride solution with oxalic acid. It has excellent stability on storage. Stannous 
oxalate was used during World War II in Germany as a coal hydrogenation catalyst, 
and was also used for this purpose in the U.S, at the Burean of Mines’ coal hydrogena- 
tion demonstration plant at Louisiana, Mo, Stannous oxalate is also used for sensi- 
tizing blueprint papers. 


Tin Oxides and Hydrated Oxides; Stannites; Stannates. 


Stannous oxide, SnO, formula weight 134.70, is a very dark, usually blue-black, 
crystalline substance of high metallic luster. The shade may vary from brown and 
red to dark green and violet, depending on the method of preparation. It is obtained 
by first precipitating a solution of stannous chloride with alkali to yield stannous 
hydroxide and then converting the latter to the oxide at temperatures near the boiling 
point of water and at a controlled pH. Stannous oxide is thermally stable up to 
385°C. when it decomposes into tin and stannic oxide: 


heat 
28n0 ~——> Sn + Sn0, 


When heated in air it readily forms stannic oxide. Stannous oxide dissolves in acids 
to give stannous salts. It does not, in contrast to stannous hydroxide, dissolve in 
potassium or sodium hydroxide. 

The chief use of stannous oxide is as an intermediate in the manufacture of other 
tin compounds. It is also used in the glass industry in the manufacture of gold-tin 
and copper-tin ruby glass. In the past it has been used in medicine as a remedy for 
boils; this was based on the observation that workers in tii mines are free from boils. 

Stannous hydrovide, Sn(OH)s, can be obtained as a white precipitate from solu- 
tions of stannous salts by means of alkalies. It is probably a hydrated oxide rather 
than a true hydroxide. It readily oxidizes in air to hydrated stannic oxide. It dis- 
solves in potassium or sodium hydroxide to form solutions of potassium or sodium 
stannites, probably containing the anion SnO3~. Stannites are only known in the 
form of their solutions, which readily decompose into alkali metal stannates and tin. 
The sodium stannite solutions are used industrially in immersion tinning (42). 

Stannic oxide (tin oxide) (9,24,26,27,28,29,39,47), SnOs, formula weight 150.70, 
forms white tetragonal crystals. Its melting point is well above 1600°C., although 
many handbooks list it as 1127°C. It is prepared industrially by blowing heated 
air over molten tin, by atomizing tin by means of high-pressure steam and burning 
the finely divided metal, or by the calcination of the hydrated oxide (see below). 
Stannic oxide can also be prepared by treating tin tetrachloride with steam at high 
temperatures according to the equation: 


] 
SnCl, + 21,0 —“s sno, + 4 HCl 


Staunic oxide is an ingredient in certain ceramie colors such as chrome-tin pink 
(see p. 158) and vanadium-tin yellow. Substantial quantities of this oxide are con- 
sumed as putty powder (see Vol. 1, p. 57) for polishing marble and granite. 

Hydrated stannic oxide (often referred to as ‘stannic acid’) of variable water 
content can be obtained by the hydrolysis of stannates. X-ray studies have failed to 
show characteristic patterns for stannic acids prepared by radically different: metheds, © 
and all of these acids give cassiterite, SnO2, on calcination. They must be regarded 
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as amorphous stannic oxides that are hydiated to a variable extent. They do, 
nevertheless, exhibit distinctly different properties for considerable lengths of time, 
depending on their method of preparation, which in turn governs the degree of poly- 
merization. The more highly hydrated and more soluble form is known as a-stannic 
acid, and the less hydrated and less soluble form as 6-stannic acid. The terms ortho- 
stannic acid and mctastannic acid have also been used for the a- and 6-forms, respec- 
tively. a@-Stannic acid is irreversibly transformed into @-stannic acid by heating, 
drying, or prolonged standing. a@-Stannic acid is obtained by the decomposition 
of solutions of alkali metal stannates with acids or by the decomposition of a solution 
of stannic chloride with alkali or excess water. When these operations are carried 
out at room temperature the precipitate has the stoichiometric composition Sn(OT1),, 
Drying at 100°C. causes the loss of one molecule of water and conversion to 6-stannic 
acid, having the stoichiometric composition H.SnOs. 

Freshly prepared a-stannic acid is readily soluble in caustic alkalies, forming the 
stannates, and in hydrochloric acid, forming stable solutions in which at least part of 
the tin is present as Sn‘t+ ion. @-Stannie acid is soluble in dilute hydrochloric acid, 
but the addition of more acid gives a precipitate, which in boiling water hydrolyzes 
to H.Sn;0n.4H.0. §-Stannic acid can be peptized by potassium hydroxide to give 
colloidal solutions, but the reports of definite salts such as I@Sn;01.4H2O and Nay 
§n,0u.4H.0 must be doubted. A product possibly identical with @-stannie acid is 
obtained as a white powder by the oxidation of tin with nitric acid. 

The metal stannates (10,12,21,23,44,46) include a large number of compounds but. 
at present only the alkali metal stannates are of established commercial importance 
and manufactured on a large scale. The hydroxostannates have the general formula 
M,[Sn(OH).]. Hydrates, M2[Sn(OH),].H2O, are known; they lose one molecule of 
water readily at 100°C., or im vacuo. Potassium stannate is isomorphous with 
potassium plumbate, K,[Pb(OH).], and potassium platinate, IX,[Pt(OH).]. 

Sodium slannate, NaxSn(OH)., formula weight 266.74, consists of white, colorless 
crystals, which absorb carbon dioxide from the air to form sodium carbonate and hy- 
drated stannic oxide. Itis readily soluble in cold water (61.5 g./100 ml. H.O at 15°C.), 
but its solubility decreases with increasing temperature, Solutions of sodium stannate 
decompose under pressure and at temperatures above 150°C. to yield stannic oxide. 
The domestically produced commercial grade of sodium stannate is a product of the 
alkaline detinning process. It may also be made from eassiterite by fusing with 
sodium carbonate or hydroxide. 

Both sodium and potassium stannate find wide use as constituents of alkaline 
electrotin plating baths. They are also used to tinplate aluminum alloy pistons by 
contact (voltaic displacement). 

Potassium stannate, K.8n(OH),, formula weight 298.94, forms colorless crystals 
of high water solubility (110.5 g./100 ml. H,O at 15°C.). It readily absorbs carbon 
dioxide from the air. Like sodium stannate, it is a product of the alkaline detinning 
process, but it may also be made by alkaline fusion of tin ore and subsequent leaching 
and evaporation. 

Other Stannaies (7,50). Some alkaline earth and heavy metal stannates have 
recently acquired importance in the compounding of ceramie and dielectric bodies. 
They are insoluble compounds prepared by precipitation of the stannate by the 
action of a soluble salt of the metal on a solution of a soluble alkali metal stannate, 
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or by caleination of proper mixtures of the respective oxides. A listing by a manu- 
facturer of tin chemicals includes the following: 


Barium stannate BaSn0:.3H20 Nickel stannate NiSn0;.2H,0 
Calcium stannate CaSn0;.3H20 Copper stannate CuS8n03.3H.0 
Magnesium stannate MgSn0O3.8H20 Cadmium stannate Cd8n0O3 
Strontium stannate Sr§n03,3FL0 Cobalt stannate Co8n03.2H:0 
Bismuth stannatc Bie(SnOQs3)s.5 20 Ferrous stannate FeSn0;3.3H,0 
Lead stannate PbSn0;.2H.0 Ferrie stannate Fe, Sn0;):.3H20 
Zinc stannate ZnSn0;.4HO 


Tin Perchlorate. 


Stannous perchlorate, Sn(ClO,)..cHLO, formula weight (anhydrous salt) 317.6, 
forms yellowish deliquescent crystals. 1t is very stable at room temperature, but 
decomposes on heating above 100°C. Stannons perchlorate is made by dissolving 
stannous oxide in perchloric acid. It forms the basis of a tin plating solution. 


Tin Phosphates (5,13,48). 


References to the following tin phosphates can be found in the literature: stannous 
orthophosphates, Sn3(PO,)2, SnH{POk, Sn(H.PO,)2; stannous pyrophosphate, SneP20;; 
stannous metaphosphate, Sn(PO,)2; stannic phosphate, SnzP.09.10H20. 

Of these salts the only one to have commercial significance is stannous pyrophos- 
phate, SneP.O,, formula weight 411.5, an amorphous white powder, soluble in sodium 
pyrophosphate and hydrochloric acid. It is prepared from stannous chloride and 
sodium pyrophosphate. It is used as a constituent of one of several alkaline tin plat- 
ing baths for co-depositing a copper-tin alloy of controlled composition. 


Tin Proteinate. 


Tin proteinate (tin albuminate) is manufactured from a salt of bivalent tin and 
gelatin. Itisa pale yellow to light buff powder possessing a slight characteristic odor, 
The product contains 9% tin, and is used in the form of an ointment for caibuncles 
and other skin eruptions. 


Tin Sulfates (3,17,19,23,45). 


Stannous sulfate, SnSO,, formula weight 214,77, is a heavy white crystalline 
powder, thermally stable up to about 360°C. It is soluble in water to the extent of 
330 g. per liter of solution at 25°C., as calculated from data published by Denham and 
King (8). A much lower value commonly found in many handbooks is in error. 
It has a lower solubility at higher temperatures. The solubility of stannous sulfate 
in water is strongly depressed by the presenée of frea sulfuric acid or sulfate ions, 

In one published method of manufacture, granulated tin is subjected to the action 
of an excess of dilute sulfuric acid (sp.gr. 1.53) for a period of days at a temperature in | 
excess of 100°C. until all reaction has ceased (17). The stannous sulfate which has 
formed is extracted with water and the aqueous solution is evaporated in vacuo. 
Excess acid is removed by washing with alcohol, 

Stannous sulfate is the principal ingredient of the acid tin plating bath for electro- 
plating steel strip (see Electroplating). Because of balanced anode and cathode effi- 
clencies, this bath requires little addition of sulfate. 
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The main outlet for stannous sullate is for immersion-plating steel wire with tin 
or copper-tin alloy coatings before drawing. This operation is known as liquor 
finishing and is applied to both Jow- and high-carbon steel wire. The primary pur- 
pose of these coatings is tu ease the passage of the wire through the die. 

Stannie sulfate, Sn(SO,)2.217.0, is said toa have been prepared but the evidence 
presented is open to question, Aqueous sulfuric acid solutions containing stannic 
tin hydrolyze rapidly. The existence of stable double sulfates of stannic sulfate with 
other metal sulfates, such as those of potassium, calcium, silver, and lead, seems to be 
well substantiated (23). 


Tin Sulfides (10,14). 


Stannous sulfide, Sn8, formula weight 150.77, forms dark gray crystals or a black 
amorphous powder with melting points at 882°C. and 1200°C., respectively. It can be 
prepared from the elements by direct reaction. 

Stannic sulfide (mosaic gold), Sn8,, formula weight 182.83, forms golden leaflets 
with a metallic luster and a touch resembling that of tale. It has long been in use as 
the pigment component of nonmetallic bronzes. There are many revipes for its prepa- 
ration, and most of them involve high temperature sublimation of the product, 
usually iu the presence of a volatile chloride such as ammonium chloride. It, has been 
stated that these volatile chlorides suppress the dissociation of stannic sulfide into 
stannous sulfide and sulfur, but this explanation is doubtful. 

Stannie sulfide dissolves in alkalies to form thiostannates; NaSnS,.8H20 and 
Na.Sn8z.18H.O have been isolated. 


Tin Tartrate. 


Stannous tartrate, SuC,H,O,, formula weight 266.8, is a heavy, white crystalline 
powder, insoluble in water, but soluble in dilute hydrochloric acid. It can be prepared 
from solutions of stannous chloride and potassium tartrate. It finds use in dyeing and 
printing textiles. 
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Harrmuut RIcHTER 


TINCTURES. See Pharmaceuticals, Vol. 10, p. 230; and such articles as Antiseptics, 
Vol, 2, p. 82; Iodine preparations; for tincture of green soap, see Shampoos, Vol. 12, 
p. 223. 

TIN-NICKEL BRASS. See Copper alloys (cast), Vol. 4, p. 461. 
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See also Cosmetics; Shampoos and other hair preparations. 

Dissatisfaction with the color of one’s hair has led, since earliest times, to the ap- 
plication of various types of natural and man-made substances in attempts to change it. 
From the earliest Egyptians, through many successors in their cultural heritage—- 
Greeks, Hebrews, Assyrians, Persians—and through the contemporary cultural suc- 
cessors of the ancient Chinese and Hindus, the use of hair colorings is mentioned in 
historical records of social life and customs (8,16,27,29,32,34,56). 

Following the traditional use of botanical simples, vegetal mixtures, and metallic 
salts, there was little change in coloring products and processes until the last third of 
the 19th century. The discovery that some of the new synthetic organic compounds 
were suitable dyes for animal fibers gave impetus to the development of new-type 
hair colorings, but it was not until the second quarter of the 20th century that they 
were successfully established in public acceptance. 

Statistics on the use of hair colorings and bleaches are unsatisfactory and in- 
complete, Since 1952, Drug Topics has dropped the beauty shops and barber shops 
from the list of outlets covered in its otherwise exhaustive surveys, and, although large 
quantities of these items are sold through these shops, no reliable figures are now avail- 
able (1954). The trend is well established, however, in published estimates. For 
the year 1924, the percentage of the potential market using dyes was 6%; for 1950, 
43%; for 1954, 76%. The notable increase in the latest figures has heen ascribed to 
ithe development and promotion of. the modern-type dyes for use at home. 

With the exception of a few antiquated recipes, freely published in formularies, 
magazines, and other periodicals, all the best-known hair colorings in current use are 
proprietary products of which the exact composition is not published. Information 
on latest research and development must be sought in the patent literature and trade 
papers (57-66). 


Hair Colorings 


The hair colorings in general use fall into two main groups: (1) temporary color- 
ings, comprising powders, crayons, and tinted rinses; and (2) permanent colorings, 
comprising natural organic substances (plant derivatives), metallic preparations, and 
synthetic organic dyes. , 


TEMPORARY COLORINGS 

Powders. The use of powder for changing the color of the hair is now largely 
confined to theatrical make-up, masquerades, and pageants in which it might be re- 
quired for historical costumes; otherwise it is limited to the occasional freshening of 
the wigs worn by judges and certain other participants in courts of law. 

During the 17th and 18th centuries, when powders were commonly used as a 
mark of fine dress, the basis of a good product was wheat starch, ground very fine. 
Potato starch becume popular later, and the basic starches were frequently adulterated 
with plaster of Paris, burnt alabaster, flour, and chalk (8), 
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The first colored powders consisted of starch with various percentages of burnt 
sienna, umber, or other pigments for brownish shades, and Chinese (India} ink for 
black. Pastel shades, popular during the 19th century, were made by adding other 
pigments, or by moistening the white base with solutions of dyes, and grinding the 
tinted mass after it dried. Genuine gold and silver powders, for which metallic 
powders of similar shades were later substituted, were also used on oceasion. 

Crayons, similar to the mascaro used as make-up for the eyes (see Vol. 4, p. 548), 
have been made in several handy shapes, offered primarily for retouching new growth 
of hair between applications of permanent dyes (24,34). 

These colored crayons for the hair are made of mixtures of natural or (usually 
now) syuthetic waxes, with a soap, such as triethanolamine stearate, into which dyes 
or pigments are thoroughly incorporated. They are generally offered in a good range 
of shades, simulating the average colors of natural hair, so that they will blend with 
other dyes that may be on the hair. The consistency of the finished product must be 
such that the color can be easily applied as the stick is rubbed directly over the hair, 
or transferred from the stick to the hair by a moist brush. 

Colored rinses (also called tint rinses) for the hair wore originally patterned on 
the colored rinses commonly used to restore or change the shade of lingerie, curtains, or 
other articles used in the household. 

Tinted rinses are similar in composition to the proprietary acid rinses, used as 
accessories to a shampoo (see Vol. 12, p. 229). The base may be tartaric acid (adipic, 
citric, acetic, and other acids have also been used, alone or in combination), with which 
various water-soluble azo dyes are carefully blended. All dyes should be selected from 
the official list of calors suitable for cosmetics, as published by the Food ard Drug 
Administration. Several other colors, not certified, are still used by manufacturers 
who have long found them to be both satisfactory and quite harmless. It must be 
understood, however, that any use of noncertified colors is always at the risk of the 
manufacturer. . 

Most lines of colored rinses are offered in twelve to sixteen shades, from golden- 
and silver-blond, through various reddish and brownish shades to black. The average 
range of shades can be produced from the certified colors in Table I (for complete list 
see Vol. 4, pp. 287-813): 


TABLE J. Certified Colors for Hair Rinses, 











FDA Designation Common Name FDA Designation Common Name 
FD&C Yellow No.5 = Tartrazine Ext D&C Red No.6 Rose Bengale TDK 
FD&C Yellow No. 6 Sunset Yellow FCF Text D&C Red No. 8 Fast Red A 
FD&C Orange No,1° Orange I FD&C Green No.2 = Light Green S¥ Yellowish 
D&C Orange No, 4 Orange IT FD&C Green No.3 Fast Green FCF 
FD&C Red No. 1 Ponceau 32 FD&C Blue No, 1 Brilliant Blue FCF 
FD&C Red No, 4 Ponceau SX Ext D&C Blue No, 1 Methylene Blue 
D&C Red No. 5 Ponceau R. FD&C Violet No.1 Acid Violet 6B 
D&C Red No. 13 Lithol Red Sr D&C Brown No.1 ~ Resorcin Brown 
D&C Red No. 22 Fosin YS D&C Black No, 1 Naphthol Blue Black 





@ Reclassification as Ext DEC Orange No. 3 under consideration (1955). 


Very few of these colors are suitable for use alone. T'o produce the desired tints, 
dilute solutions (1 gram/liter) should be tested, singly and in mixtures, on white wool 
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or hair and also on naturally colored hair of shades on which the riuses might appropri- 
ately be used (24,34,35,46). 

In manufacturing these rinses, solutions of the colors—especially mixtures—- 
must be thoroughly worked into the crystals of the acid. The finished product is 
usually sold in envelopes of cellophane or translucent, moistureproof paper, containing 
about 1 ounce. Some brands appear in capsules, compressed tablets, or solutions. 
When dissolved in 1 quart of hot water, the specified quantity of the product usually 
makes a solution in good concentration. This should be poured over the hair 
repeatedly until practically all the tint has disappeared from the water (53). 

As originally presented, these colored rinses were intended to clear away any 
scum that might be left on the hair after shampooing it with soap (especially prevalent. 
where hard water must be used), and impart tinted highlights. They became ex- 
tremely popular, both for this purpose and for restoring faded, sun-bleached, or per- 
manently waved hair to its natural shade. When the texture of the hair is normal, the 
tinted film deposited by these rinses usually disappears in the next shampoo. If the 
texture of the hair has been altered in any way, however, asin bleaching or permanent 
waving, it is usually more absorptive and the effect of a colored rinse is considerably 
more lasting. The use of wetting agents and other surface-active agents in synthetic 
(“soapless’”) shampoos also makes the hair more receptive and thus tends to make it 
retain these colors, 

The addition of surface-active agents to the rinses themselves presents complica- 
tions which should not be ignored by manufacturers and distributors of these products, 
Sodium lauryl sulfate, commonly used, tends to degrease the hair too thoroughly. 
The alkylated ary] sulfonates, besides making the color more lasting, also tend to coat 
the hair with a deposit which impairs texture and may interfere with other treatments, 
such as permanent waving and the use of penetrating (oxidation) dyes. 

The amount of surface-active agents to be added to products of this type should 
be controlled most critically. Amy excess may cause the coloring to diffuse within 
the mixture itself and thus not color the hair properly; or it may actually strip color 
from the hair. 

Importance of Instructions. To protect consumers against unexpected results and 
possible disappointment from the use of supposedly temporary colored rinses, instruc- 
lions for use should be most explicit and comprehensive. The waming on preliminary 
tests should be included as a protection for both distributors and consumers in those 
states where such a test is required before the application of all synthetic organic hair 
dyes. 

Special Rinses. To neutralize the yellowish tinge that commonly appears in 
gray and white hair, rinses based on Methylene Blue, Acid Violet 6B, and water- 
soluble Nigrosine are available both as dry crystals and in solution. The accompany- 
ing instructions should ensure a concentration of no more than 0.001% in the solution 
as prepared for application to the hair. 

To aid effectiveness, these bluing or “silvering” rinses are usually made with 
tartaric acid, or the other acids mentioned as suitable for lines of colored rinses (24,35). 

For camomile and henna, used as “vegetable rinses” to impart a little color to the 
hair, see p. 170. 

Miscellaneous Temporary Colorings. [n addition to the rinses in various forms, 
already deserihbed, azo dyes have been combined with shampoos of different types. 
The earliest products of this kind used a base of neutral soap in small cakes, and were 
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applied like any soap for shampooing. As they proved to be unsatisfactory, they were 
soon abandoned. 

Most ‘color shampoos” (all proprietary products) now are based on synthetic 
surface-active agents with wetting and detergent properties; for example, the sul- 
fonated oils. The average line offers four to ten shades, in 13 to 2% concentrations 
(of color), suitable for blond, reddish, light- and dark-brown hair. Because the actual 
amount of color imparted is relatively slight, permitting the natural shade of the hair 
to show through it, the few colors in these lines seem to be satisfactory for hair of any 
shade. 


PERMANENT COLORINGS 

The use of temporary colorings for the hair is of relatively recent origin. The 
records of the ancient peoples indicate that they were mainly interested in preparations 
and treatments that could effect a permanent change in color. Dissatisfaction with 
the composition and effects of all available products at the time led Dr. Herman Beigel 
of London to publish (1869) the following “requirements of a good hair dye’’ (1): 

(1) It must not be injurious to the general health, 

(2) It must dye the hair, but not the skin. 

(3) It must have no ill effect on the structure of the hair. 

(4) It must not require a long time for the production of its effect. 

Modern specialists now recognize three more requirements: 

(6) It must have no irritating effect, on the skin. 

(6) It must produce shades that are natural in appearance and reasonably lasting. 

(7) It must be compatible with other treatments, such as permanent waving. 

The permanent dyes in general use, both in beauty shops and at home, are of three 
general types: plant derivatives, metallic preparations, and synthetic organic dyes. 

Plant Derivatives. The earliest known hair dyes, natural organic substances 
obtained from plants, were used as infusions, decoctions, or packs. Many of the decoc- 
tions of woods are still utilized for the dyeing and blending of postiche (hair pieces), 
but, of all the vegetable substances used by the ancients, only henna and camomile 
persist in modern, professional and amateur practice. 

Henna. The first recorded user of henna asa hair dye was the Egyptian Queen Ses, 
mother of King Teta (Third Dynasty). The plant has always popularly been called 
Egyptian henna, although it is found abundantly also in Tunis, Arabia, Persia, India, 
and other tropical countries. It was commonly used by the inhabitants of all these 
countries to dye not only human hair but also the nails, the palms and soles of dancers, 
and the manes and tails of horses. 

The henna plant is a shrub, Lawsonia alba Lam. or Lawsonia inermis L., similar 
to the familiar privet. It bears small, fragrant, greenish white flowers, but, as the 
only parts utilized for dye are the leaves and stems, the plants are frequently cut back. 
For infusions, used as rinses, the leaves are usually left whole, but in the more common 
commercial form of henna the leaves aud stems are ground to a powder, about the 
color of dark mustard and with a characteristic earthy odor. 

The active coloring principle in henna was called lawsone by Tommasi, who iso- 
lated it in 1916 and determined its chemical constitution to be 2-hydroxy-1,4-naphtho- 
quinone, CipH,.O3 (see Vol. 11, p. 419). Further definitive work on henna and lawsone 
was done by H. E. Cox. The extract is an orange-red dye, readily soluble in water, 
dilute alkalies, and acids. The trne color can be seen best on white hair. Actually, 
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its coppery, carrot-red shade is the same on all hair of any shade, but it seems to im- 
part different colors because of variation in the basic shade. The color of henna is 
developed best in an acid medium (10,34,35). 

The principal advantage offered by henna as a modern hair dye is that tt is harm- 
less to the system and causes no irritation of the skin. The disadvantages are that the 
shades it produces are not altogether natural. -For keratin (see Vol. 12, p. 238; Wool), 
henna acts as a substantive dye. A few applications impart a slight amount of color 
to the entire hair shaft, but in continued use it seems to accumulate on the outside of 
the hair. If it is applied often enough, therefore, hair of any and all original shades 
van be brought to the sume characteristic orange-red (53). 

(a) Henna rinse: For a slight change of color, or to bring out highlights on dark 
hair, henna leaves are steeped in boiling water until all the dye is extracted. This solu- 
tion is then poured several times over freshly shampooed hair, 

(b) Henna pack: For a more decided, or more lasting, change in shade, powdered 
henna leaves are made into a paste with boiling water, This is applied to all the hair, 
which is allowed to remain covered and undisturbed until a test on a single strand 
shows that the desired shade has been attained. In subsequent treatments, tlic color 
can be kept: uniform by applying the paste to only the new growth of hair. 

(c) Henna shampoo: Because henna dye works best in acid mediums, many at- 
tempts to utilize it as a colored shampoo were ineffective. Sodium or triethanolamine 
lauryl sulfate mixed with a mild organic acid makes a satisfactory shampoo of this 
type, when freshly prepared. It is usually recommended for dark hair on which it may 
be desirable to bring out warm highlights. Instructions should always mention the 
limitations of such a shampoo, notably that repeated applications may deepen the 
coppery shade and act asa permanent dye. 

For compound henna, see p, 176; for “white henna,” see p. 185. 

Camomile (chamomile). Another of the few plants that are still used for coloring 
the hair is camomile, Several varieties of related plants are found in Great Britain, 
western Europe, and the U.S., of which only two—-Anthemis nobilis, called Roman 
camomile, and Matricaria chamomilla, called German or Hungarian eamomile—are 
used to any extent (84,35). 

The daisy-like, white and yellow heads of these flowers have been known and used 
for centuries as a drug, in poultices for external application, and as an infusion (“camo- 
mile tea’’) for internal discomfort. The coloring principle has been identified as 
apigenin (4,5,7-trihydroxyflavone), CisI1Os, yellow needles, m.p. 347-8°C., both 
free.and as a glucoside, found in an extract of the florets. 

Like henna, camomile can be used as 4 rinse, a pack, or a shampoo (53). 

(a) For the rinse, a strong infusion of either German or Roman camomile should 
be made with boiling water. While it is still comfortably warm, this liquid should 
be poured repeatedly over freshly shampooed hair. 

(b) Camomile pack. As camomile flowers alone do not form a cohesive pack, they 
should be powdered, mixed (2 parts) with kaolin or fuller’s earth (1 part), and made 
into a thin paste with boiling water. The shade produced depends on the original 
shade of the hair and the time of contact, and the change in color lasts considerably 
longer than the glints produced by a rinse (35). 

As manzanilla, camomile packs have been intermittently popular with (normally 
dark) Spanish-American women who admire blond hair. In marketing mixtures of 
camomile flowers distributors should give adequate instructions for use and on the 
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results to he expected. Repeated applications of camomile on any shade of hair even- 
tually bring out a brilliant chrome-yellow, similar to the coating commonly seen on 
lead pencils. 

(c) Camomile shampoo. For a brightening shampoo on light hair, German eamo- 
mile is usually preferred, both because it produces a slightly hetter color and because 
it is considerably cheaper than the Roman variety. 

For a shampoo powder, 5% of camomile and 5% of a mild acid (adipic or boric) 
may be added to any acceptable “soapless’’ composition. For a liquid form, 10% of 
prepared camomile extract may be mixed with 80-40°% of sodium or triethanolamine 
lauryl sulfate (30%) and 50-60% of distilled water. ‘This is most effective, however, 
when freshly prepared (35). 

To modify the harsh colors produced by either substance alone, henna and camo- 
mile are occasionally mixed in varying proportions. Packs of this type may be used 
to very good effect to produce a fair range of colors on hair of different basic shades. 

Indigo (C.I. 1247) (see Vol. 7, p. 814). Although it was known and widely used 
in various ways from earliest times, indigo is little used now as a hair coloring. The 
familiar blue dye, indigotin, CigEipN2Oz, is obtained from several species of Indigofera. 
As woad, obtained from Jsatis tinciorta, a similar blue dye was used by the ancient 
inhabitants of Britain to tattoo patterns on, or stain, their entire skin before going into 
battle (832,35). 

The best source of indigo for the hair is 2. argentea, long cultivated in Persia for 
this purpose, but it cannot be used alone. The dried and powdered leaves (known as 
reng) are either mixed with ground henua or applied alternately with henna, to produce 
a good black. Shades from light brown to black can be produced by varying the 
proportions of henna and reng. 

Indigo seems to have no place in modern cosmetology. 

Wood Extracts (see also Dyes, Vol. 5, pp. 345, 852; Tanning materials, Vol. 18, 
p. 585). Decoctions of woody fibers, bark, or nuts from several trees are also used as 
dyes. Of all that have been tried since eayliest times only the following survive, 
and these are now used more for dyeing postiche (hair pieces) than hair on the head. 

(a) Brazilwood (Redwood, Pernambuco Wood): Wood from Cexsalpinia brasiliensts 
or GC. echinata. The active dyeing principle is brazilin, CusHuO0s, a yellowish color 
which in oxygen or with alkalies becomes the red dye brazilein, CygHi.Q;. It is used in 
various combinations to produce warm brown shades (16,33,35). 

(b) Catechu (Gambier, Cutch) (CI. 1249): Name given to colored product of two 
distinct species—Ouroparia (Uncaria) gambir, which is yellow, and Acacia catechu, 
which is brown to black. The active principles in both are catechin (catechol), 
CisHi05.4H20, and catechutannic acid. One procluct or the other is used in combina- 
tions to produce all shades from blond to black. 

(c) Fustice: The wood of Chlorophora (Morus, Maclura) tinctoria, a tree similar to 
the mulberry, common in the Western Hemisphere. The active principle is morin 
(2',3,4',5,7-pentahydroxyflavone), CisH»O7; it also contains maclurin (morintannic 
acid), CysHOs.H.O. Under different conditions and in various combinations, it 
produces yellow-to-brown shades. This dye is often called ‘old fustic” (C.J.. 1282) 
(from Arabic, fustug) to distinguish it from “young fustic’”’ (C.Z, 1231) (from Portu- 
guese, fustet), obtained from an entirely different European tree, Cotinus coggyria 
(Rhus cotinus), which yields another dyestuff (31,35,54). 

(d) Logwood (Bluewood, Campeche Wood) (C.L, 1246): The heartwood of Hema- 
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toxylon campechianum 1.., 2 tree common in the West Indies and Central America. 
Its active principle is hematoxylin (hydroxybrasilin), CysHuO¢.3H20, which is readily 
oxidized to hematein, CisHieQ. It is specifically good for producing black and for 
drahhing or neutralizing reddish tones in the hair. 

(e) Nuigalls (Gallnuts): Pathological exerescences on leaves, twigs, or other 
tissues of the white onl tree (Quercus infeeloria or Q. lusttanica), caused by the invasion 
of bacteria, certain worms, or insects. These little “nuts” which are especially rich in 
tannin and pgallic acid (q¢.v.), serve as a source of pyrogallol, and are priced according 
to the content of tanuin. The European variety yields about 30%; the Turkish 
(Aleppo), 60°%; and the Chinese (obtained from Rhus semialata, related to cashew 
nut), 70% or more. Nutgalls are of interest, because they form the basis of “rasticks,’”’ 
tvery ancient type of hair dye, still used in the Orient (see p. 173) (35,54). 

(f) Quercitron (CI. 1283): The inner bark of another species of oak tree (Quercus 
tinctoria), common in North America. Its active principles are quercetin (8,3',4/,5,7- 
pentahydroxyflavone), CisHwO;, and its 3-t-rhamnoside, quercitrin, CatlTaOu. This 
hark is usually combined with fustic and logwood to produce dark-brown shades, 

(gq) Walnut: The leaves of walnut trees (Jauglans cinerea, J. nigra, J. regia), lout 
more commonly the green nut shells, have been used from most ancient times as a 
source of brown hair coloring. The active principle is juglone (5-hydroxy-1 ,t-naphtho- 
quinone (nucin), CisFIeOs (see Vol. 11, p. 419); pyrogallol is also believed to contribute 
to the dyeing property. Because the color produced on the hair is not lasting, walnut 
extract is now rarely used alone; the ground shells are usually mixed with other color- 
producing substances, 

As the walnut tree was not native to England, and the relatively small growth, of it 
there was cultivated for timber and for the edible nuts, quantities of the shells werc 
among the earliest exports from the American Colonies, for the fabric-dyeing trade in 
Iingland (80). 

Pyrogallol (qv.) (1,2,8-trihydroxybenzene, pyrogallic acid), CsH y(OH)3. The 
effectiveness of many of the natural coloring substances used to produce brown shades 
of hair is due to the pyrogallol present or developed in one or another of the ingredients. 
Used alone, pyrogallol acts as a progressive dye. A freshly prepared aqucous solution 
gradually darkens when exposed to the air; the addition of dilute ammonia hastens 
the development of the color, 

Pyrogallol itself (that is, the compound, not as nutgalls or walnut shells) was 
first used for dyeing the hair in 1846, and for many years it was a common ingredient of 
vegetable mixtures and also a developer for metallic dyes. Reports of irritation of the 
skin, and of toxie effects when it was taken internally, led to the banning ov restriction 
of pyrogallol as a hair dye in several European countries. Various authorities seem to 
disagree on this point. The 0.5% solution suggested as safe is often ineffective as a 
developer, whereas the more concentrated solutions commonly used in dyeing proc- 
esses in the trade seem to cause no untoward results. Pyrogallol is listed among sub- 
stances that are harmful when and if they are absorbed by the skin; yet contents of 
410% axe found in recipes for many accepted antiseptic and medicinal products (54). 

Pyrogallol has often been added to henna packs to take advantage of the strong 
dyeing property of the latter but produce brown shades, Without still other ingredi- 
ents to fix the color, these so-called “vegetable packs” are usually unsatisfactory, be- 
cause the brownish tinge soon wears off, leaving the characteristic red shade of the 
henna (35,53), 
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Rasticks; Mordants. To hasten the development of the desired shade or to modify 
it, the natural organic colorings have commonly been mixed with solutions of metallic 
salts. These adjuvants, so-called mordants, have been used in the dyeing of fabrics 
since the days of the early Egyptians. One of the earliest successful dyes for the hair 
was the rastzk (from Turkish and Persian words for hair dye), mace originally by roast- 
ing uutgalls, copper and iron filings, and a small quantity of oil in a copper vessel. 
The roasted mass was then ground, made into a paste with a little water, and this was 
applied to the hair for several hours. It produced a beautiful permanent black 
(32,36). 

Variations have been introduced into this provess, but the underlying principle ts 
still the same; the occasionally weal organic dye is intensified and, by a chotee of 
metallic salts, modified into a fair range of shades. Copper and iron sulfates and 
alum were the earliest recorded mordants. All may be found im prodiets still in use, 
especially ferrous sulfate, which is commonly used with the wood extracts in dyeing 
postiche(16,33,35), 

Since pyrogallol has been available most of the rasticks have been made from this, 
rather than from nutgalls or shells. Potassium dichromate, used for a few years to 
hasten the action of pyrogallol (and as an oxidizing agent with organic dyes), is now 
mentioned only in articles in medical literature. For the modern rasticks, see under 
“Compound hennas,” p, 176. 

Miscellancous Plant Products. Among other plants commonly listed as sources of 
hair colorings are rhubarb aud sage. The former has oecasioually been combined with 
henna, black tea, and camomile. Its active principle is chrysophanol (chrysophanic 
acid, 1,8-dihydroxy-3-methylanthraquinone), CiyHwO., which gives good blond 
shades, especially with alkaline mordants. Whatever its possibilities, it seems not to 
he utilized commercially (54). 

Sage, prepared as an infusion (“sage tca’’), is now considered antiquated, though 
it may still be used in homemade preparations. Its principal effect is to dull white 
hairs, making them less conspicuous, but long-continued application makes the hair 
look grayish and dingy. 

Advantages and Disadvantages of Vegetable Dyes. The principal advantage in the 
use of vegetable dyes is that they are harmless to the system. (Synthetic pyrogallol 
should not be included with the natural vegetable products.) The disadvantages are 
in the relatively harsh and unnatural shades produced, especially after repeated appli- 
cations; and in changes in texture whereby the hair becomes stiffer, more wiry, and 
vecasionally brittle (53). 

Metallic Hair Dyes. ‘As hair colorings, metallic salts are almost as old as the 
plant derivatives. Both men and women in ancient Rome darkened their hair by 
passing through it a lead comb that had been dipped in vinegar. Many other metals 
have been used from time to time, and a wider variety of salis is still to be found in 
the European market than in the U.S. Because the metallic dyes are incompatible 
with permanent waving and oxidation dyes, the great increase in popularity of these 
two treatments has noticeably curtailed use of the metallic dyes by women. Large 
quantities of all types, however, are still used by men. 

Most of the metallic dyes have been sold with the appeal that they are “not 
dyes—just color restorers for the hair.” At one time many of these preparations were 
compounded by pharmacists and hairdressers, to he sold under their own name. The 
mctallic dyes are almost never applied in modern beauty shops, but as “hair restorers” 
they are sold in retail stores for application at home, 
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The metallic dyes in the American market are based principally on (in order of 
prevalence) lead, silver, and copper. Nickel alone is rare, but it is found with silver; 
iron is found in most. copper preparations. Bismuth (comparatively rare in the U.S8.), 
manganese, and cobalt are fairly common in foreign products. 

The old theory underlying the use of metallic dyes is that solutions of various 
salts act on the sulfur in the keratin of hair, thus forming a deposit of the corresponding 
sulfides. This seerns not to be substantiated by more recent investigations and prac- 
tical research. The fact that several applications may be required before any change 
in color is noticeable supports the idea that these products are restoring the natural 
coloring of the hair. The new substance, however, is merely deposited on the outside 
of the hair like a plating which, through the action of light and air or a developer, 
consists of an insoluble oxide, or sulfide, or both. The range of shades obtainable is 
necessarily restricted to the colors of the oxides and sulfides of the metals used. 

Lead Dyes. Most of the “color restorers” based on lead consist of dilute solutions 
of lead acetate or nitrate. Many compositions call for the addition. of finely powdered 
sulfur, glycerol, and either rose water or bay rum as perfume. AJI formularies, hand- 
hooks, and works of reference on cosmetics offer numbers of recipes for this type of 
product (3,6,9,12,27,36,49,54). 

One long-established proprietary product is sold as two powders, to be added to 
water at the time of application. Newer variations arc in cream form, to be applied 
like cream shampoos, in which surface-active agents are incorporated to enstuwe quicker 
development of color and some penetration of the hair. All lead dyes are classified 
as “progressive.” 

Ordinarily the color develops from dull yellow through greenish, violet, and ma- 
hogany shades to a dull black. As these products are to be applied “day after day 
until the desired shade is seen,” the accumulated coating is likely to rub off on hat- 
bands and bedding, Men should be warned against use of these ‘restorers’? on the 
moustache because of the danger of taking the metallic compound internally. 

Stloer Dyes. The principle underlying the so-called restorers based on silver is 
twofold: (1) ali silver salts darken on exposure to the light; (2) silver combines read- 
ily with protein, forming a brown stain. 

In the oldest preparations, silver nitrate was used alone, in 4 dilute solution 
which was combed through the hair and allowed to remain undisturbed during exposure 
to strong sunlight. If the shade obtained was too light, the application of solution 
and exposure were repeated on successive days. Used in this way, silver dyes may be 
classified as progressive. 

To hasten the action, silver dyes were offered in tivo bottles, one containing silver 
nitrate, the other containing a developer, such as sodium (potassium, ammonium) 
hydrosulfide or pyrogallol. With the former, silver sulfide is deposited directly on 
the hair; with the latter, there is believed to be double action, the silver salt acting as a 
mordant for the coloring property of the pyrogallol, and the latter serving to develop 
the silver, . 

- Later improvements in these compositions added varying amounts of ammonia to 
the silver solution, thereby inhibiting certain proportions of silver and producing a 
fair gradation in shades. Sodium thiosulfate (photographers’ “hypo”’) was adopted as 
a developer, presented either as a second solution or as a powder in packets or capsules. 

As a precaution against deterioration, the silver nitrate should always be in a dark 
blue or amber bottle, closed securely against escape of ammonia. 
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Restorers of this type are classified as “instantaneous.” For best effect, the hair 
must be absolutely clean, so it should be freshly shampooed and dried. The silver 
solution is combed through the hair first and distributed evenly; this is followed im- 
mediately by the solution of thiosulfate, which brings out the color. 

In general, silver dyes are more satisfactory than those based on lead. The user 
may have trouble, however, after the first application, in the retouching of new growth 
of hair. Repeated applications to the same portion of hair cause the hair to become 
progressively darker and to develop an unpleasant metallic or iridescent sheen (53), 

Recipes for silver dyes of all types are available in most of the standard works of 
reference (18,27,36,49,54). 

Copper Dyes. The modern hair dyes based on copper have been evolved from the 
ancient rastiks, in that the same essential ingredients are combined in liquid form in- 
stead of powders. The earliest were in two bottles, one containing copper sulfate 
(with or without ammonia), the other containing either a hydrosulfide or pyrogallol 
as the developer. Like the older silver preparations, these were to be applied suc- 
cessively. Many of these were applied in hairdressing salons; and, because the pyro- 
gallol was related to wood extracts, they were misrepresented to be vegetable products. 

An improvement in copper dyes was offered by Schueller of Paris, in 1907, wherehy 
the metallic salts (copper and iron) were combined in one bottle with both pyrogallol 
and, for example, sodium sulfite. This type of product starts to darken on the hair as 
soon as it is exposed to the air. Anything that remains unused must be carefully 
closed because it soon separates into a clear green supernatant fluid with a brown sedi- 
ment (12,35,36). 

By changing the composition or proportions of the metallic salts, some variation 
can be effected in the shade produced. One or two applications may be satisfactory, 
but repeated retouching, especially if any of the dye is alowed to run over previously 
treated hair, makes the hair a dusty, ugly black, and eventually harsh, stiff, and brittle. 

Copper sulfate or ehloride has occasionally been sold in a third bottle with proprie- 
tary products based on silver. This solution is recommended as a final rinse to cover 
the iridescent effect commonly secn on hair dyed with silver. 

Miscellaneous Metallic Dyes. To produce a wider range of shades, and especially 
lighter shades, than is possible with the metallic dyes just described, the following met- 
als have been employed from time to time, and may still be found in current. proprie- 
tary products. 

(a) Bismuth: First successfully employed by Naquet in 1881, to produce ash- 
blond and light-brown shades, Neutral bismuth nitrate, first dissolved in glycerol 
and then carefully diluted with water, can serve as a progressive dye; sodium thiosul- 
fate is commonly offered in a second bottle as a developer. Combinations with silver 
nitrate act, more quickly and produce more lasting shades. Bismuth citrate has also 
been suggested (6,12,32,36,49,54). 

(b) Cobalt: Used with a developer (hydrosulfide or pyrogallol) to produce light- 
brown shades. First featured by Broux of Paris, the use of cobalt nitrate, either alone 
or in mixtures with silver and ammonium compounds, permitted the introduction of a 
full line of twenty shades of dyes, from blonds to black. The developer was pyrogallol 
with or without other phenolic compounds and iron salts (12,385,36,54). . 

(c) Iron: The least harmful to the hair, but also the least effective metal whose 
salts are used as hair dyes. In one of the oldest recipes, Galen recommended boiling 
iron in red wine. Ferrous sulfate was commonly employed in old progressive dyes 
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and also as the customary mordant with many natural dyes (wood extracts) for dyeing 
postiche. Used alone, iron salts produce unsatisfactory blond shades because they 
tend to darken; and the darker shades from more concentrated solutious are dingy, 
grayish, and fleeting. As modifiers in compositions with copper, cobalt, and other 
salts, ferrous sulfate and ferric chloride have been used for many years. As the de- 
veloper for iron salts, pyrogallol has supplanted the evil-smelling hydrosulfides formerly 
used (9,49,54). 

(d) Nickel: Occasionally found alone, but usually combined with silver, cobalt, 
or copper, Nickel nitrate produces fair dark-brown shades; ammonium hydroxide or 
carbonate is usually included, and the developer is usually pyrogallol (35,54). 

(ce) Manganese: Working on an entirely different principle; antiquated recipe 
still occasionally used in the home. A saturated solution of potassium or sodium per- 
manganate, which is reduced to manganese dioxide in contact with organic matter, 
produces a good brown shade when it is combed through the hair. Attempts to revive 
interest, in the use of this principle through offering the sediwn salts (better shades) 
with sodium sulfide or pyrogallol asa developer have not been successful. In the trade 
and industry permanganates are considered quite obsolete (28,33,35). 

(f) Other Sulfides: To widen the range of shades obtainable with metallic dyes, 
both stannic chloride and cadmium sulfate have been recommended and tried by vari- 
ous experimenters, Whatever the possibilities for golden shades and modifications of 
darker tones, they seem to have no practical application whatever at the present time. 

Compound Hennas. The dyes called compound hennas were once considered 
sufficiently important to constitute a separate classification of modern. hair dyes. 
They are now used so relatively little, however, that they need be considered merely 
another form of metallic dyes. 

Theoretically, any mixture of henna with indigo, logwood, or any other natural 
eoloring derived from plants is a compound henna, and many such mixtures have been 
prepared and applied as “vegetable packs” by hairdressers. The term came officially 
into prominence commercially about 1914 when both Broux and Schueller of Paris 
introduced to the trade a line of products, based on henna, which promised to produce 
any desired shade from blond to black (12,32,35,36). 

The compound hennas immediately became popular because they answered the 
srowing demand for “something like henna but not red,” to be used in place of the 
synthetic organic dyes. Both the trade and the public were in fear of the latter be- 
cause of increasing complaints of irritation following their use both by hairdressers 
and in the home, 

These colorings are based on the formation of lakes from phenolic compounds, 
for exumple, aminophenol, pyrogallol, and hematoxylin, with salts of cobalt, copper, 
iron, and nickel. The preferred reducing agent is sodium thiostlfate. Tn the liquid 
preparations (Schueller), interaction of the ingredients is prevented by excess of the 
reducing agent; in the powdered mixtures, the reducing salt is packed separately, to 
be added as the paste is made with water (12,35,36). 

Henna is the carrier for all the shades, but its carroty-red tone is successfully 
masked by additions of tannin, pyrogallol, nutgalls, lampblack, and: other coloring 
agents. 

These modern rasticks maintained their vogue for about twenty years, The more 
natural tints obtainable with the newer synthetic organic dyes drew many users away 
from compound hennas as well as from other metallic dyes; aud the rapid increase in 
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permanent waving, which has been steady since 1934, has practically finished the use 
of them in the U.S. 

Advantages and Disadvantages of Metallic Dyes. The principal advantage that 
ean be claimed for metallic dyes is that, unless they are accidentally taken intemally, 
by mouth or through abrasions in the skin, they are generally considered harmless to 
the skin and to the system. 

The only dye permitted for use on eyebrows and eyelashes, under the Federal 
Food, Drug and Cosmetic Act in the U.S., is a solution (up to 5%) of silver nitrate with 
sodium thiosulfate as the developer. See also Vol. 4, p. 548. 

The disadvantages of metallic dyes are numerous: the range of shades normally 
produced is limited to harsh dark browns and black; lighter shades darken unpredict- 
ably or fade; all metallic dyes deposit a plating on the hair which frequently causes un- 
pleasant off-shades, and eventually makes the hair stiff and brittle. Because of ab- 
normal changes in texture, such hair frequently is adversely affected by permanent 
waving (53). 

Toxicity of Metallic Hair Dyes. Modern science, especially in the applications of 
biochemistry to medicine, has reappraised through tests in clinies und laboratories, 
many of the inherited notions about the toxicity of metallic compounds. It is now 
known that, in the low concentrations commonly used in hair dyes, there is practically 
no danger of absorption through the unbroken skin. The danger of cumulative effects 
through allowing the metallic compounds to enter the system by mouth still exists; 
hence the need for caution by men who might apply the so-called “color restorers’ to 
the moustache. 

Manufacturers and distributors of metallic dyes should ensure protection of users 
by most explicit instructions for applying their products. No authenticated case of 
poisoning from lead or copper dyes has been traced to any of these products when they 
were applied correctly, The pyrogallol commonly used as a developer has been al- 
leged to cause allergic reactions in sensitive persons. 

A statement common in the medical literature is that the application of silver 
dyes can cause the bluish-gray diffused pigmentation of the skin known as argyria 
(see Vol. 12, p. 467). In two investigations all the authors admitted that they had 
copied the statement from other publications. The first case was traced (1928) to a 
man that had been dyeing his moustache (187+); the second case was traced (1942) to 
mistranslation of an article in a foreign journal (1924). There seems to be far less 
danger of argyria from metallie hair dye than from the silver compound commonly 
used as an antiseptic for mouth and throat. . 

Since 1887, copper and lead (along with arsenic, mercury, tin, zinc, and other 
metals) have been forbidden by law in Germany and Austria for use in cosmetic prepa- 
rations. Most authorities in the field now feel that these restrictions should be re- 
viewed in the light of modern developments in the industry, and possibly modified. 

The Federal Food, Drug and Casmetic Act imposes ho restrictions on metallic 
hair dyes; but the Sanitary Code of the City of New York requires that all such proprie- 
tary products carry a statement that the product coutains a metallic salt (unnamed) 
and that it must be used with care. . 

Synthetic Organic Dyes. Any classification of synthetic organic dyes contains 
also the azo and other dyes covered under “Colored rinses,” but to those in the trade 
the term means the group of amines, aminophenols, and related compounds called 
“oxidation dyes” (also “amino dyes,” “para: dyes,” and “peroxide dyes’). Becaise 
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these dyes are easily applied, produce natural-looking shades, and have no adverse 
effect on normal hair, they have almost entirely superseded the hennas in beauty 
shops and seem to be increasingly popular for use at home. TEssentially the same 
compounds and compositions are available under many trade names; all are applied 
cold and all depend for development of the shade on hydrogen peroxide or some other 
noncontaminating compound that readily liberates oxygen. Many of the same com- 
positions are used in the dyeing of furs. See also Furs and fur processing, Vol. 7, p. 44; 
Oxidation dyes, Vol. 9, p. 674. 


History of Oxidation Dyes for Hair. The frst of the amino dyes to be used on human hair was 
p-phenylenediamine (g.v.), CeHa(NHy)2. This compound had been deseribed in 1863 hy Hofmann, 
but its possibilities as a dye for hair, fur, and feathers were first made known in 1883, when a patent 
was granted to P. Monnet and Co., of Paris. Five years later the first of several German patents was 
granted, to E. (and/or H.) Erdmann, for the use of diamines, aminophenols, and related compounds 
in the dyeing of fur, hair, and leathers. 

For the dyeing of living hair, the earliest method of applying p-phenylenediamine was in two 
steps: (1) wetting the hair with a 1-3% solution of the dye, made alkaline with caustic soda, sodium 
carbonate, or ammonia water; (2) applying oxidizing solution to bring out color. Many familiar 
oxidizing agents were used: ferric chloride, potassium dichromate and permanganate, hydrogen 
peroxide. It was soon found, however, that the best results were obtained with ammonia as the 
alkalizer and hydrogen peroxide as the developer, and by mixing the two solutions immediately before 
use, 

The voiding of the German patents (1892-3) turned Iirdmann against the promotion of p- 
phenylenediamine as a hair dye and prompted him to undertake intensive research for substitutes. 
He worked out # good code of safety regulations for workers in the fur dye industry, but supported a 
concerted effort on the part of physicians and scientists ta have p-phenylenediamine bauned ag a hair 
dye. Because of accumulating reports on dermatitis from hair dyeing and on serious toxicity as 
shown in pharmacological investigations, the official pronouncement banning p-phenylencdiamine 
from unrestricted retail sale in Germany and including it in the official list of poisons was made in 1906. 

By this time, Erdmann had successfully introduced two new hair dyes for both hairdressers 
and the retail trade: one, a mixture of p-methylaminophenol sulfate (Metol), TOC,ILNHCHs;.- 
151,80. p-aminophenol hydrochloride, HOC HUNE:.HCI, p-atminodiphenylamine, NH ,CcH,NH- 
CsH;, and sodium sulfite; the other, a mixture of the sodium salts of p-aminodiphenyluminesulfonic« 
acid, NiyCsHa(SO)NHC,Hs, and o-aminophenolsulfonie acid, HOCsHA(NH2)SOsH. A few years 
later (1911) another type of dye, a mixture of p-tolylonediamine, CHsCsH;(NH2)s, and sulfites, was 
introduced by Colman and Toewy and widely publicized. See also Vol. 1, pp. 739-40; Vol. 10, pp. 
379-80 (7,13,14,32,37). 

Meanwhile, use of the amino dyes had continued unabated in France, and the French physiciaus 
who reported. increasing numbers of “accidents’’ among those that had used p-phenylenediamine as 
hair dye were the first 10 recognize any conneetion between dermatitis or other unpleasant effects and 4 
predisposition, personal susceptibility, idiosynerasy, or (now) allergy in the individual. From 

‘rance, through the activities of manufacturers and hairdressers, the amino dyes were introduced into 
Iingland, other uropean countries, and Norlh and South America. 

Up to this time a few commereial products had been aysilable in a limited range of shades, and 
most hairdressers had prepared they own solutions, mixing colors to meet the needs of individual 
patrons, In 1910, the first standardized product, acecompanied by workable instructions for use, was 
offered in a range of eleven controlled, reproducible shades. ‘This was the work of Gaston Boudou, 
a well-known hairdresser with salons in London and Paris, with the cooperation of Emile Rousseau, 
a chemist and pharmacist, and Raimond Sabouraud, an experienced dermatologist. The inunediate 
suecess of this product led to an increase in 1917 in the number of available shades to eighteen, which 
fairly well simulated the average shades of human hair. The time for o treatment was cut by the 
addition of a little soap and ammonia to the solution of dye (38). 

Tn 1911, following years of agitation by physicians, p-phenylenediamine was officially restricted 
in Trance. Jn the same year, however, Sabouraud, whose increasing clinical experience had con- 
vinerd him of the importance of personal susveptibility or allergy in eases of dermatitis from the amino 
hair dyes, succeeded in publicizing the necessily for a prelimiuary test by those that wished to use 
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these dyes. This ‘‘skin test’? was an application of the method of testing for susceptibility which 
had been introduced in 1895 by Josef Jadassohn, a dermatologist of Breslau, Germany. Considering 
the large numbers of applications of hair dyes, Sabouraud believed the percentage of susceptible per- 
sons to be relatively small, but in order to protect them his directions for making the preliminary test 
were disseminated widely both in scientific journals and in the public press (39,40), 

Boudou’s line of oxidation dyes, merchandised through an English company, -was introduced 
into the U.S, in 1919. The type of dye was not new, 28 p-paraphenylenediamine and related com- 
pounds had been used in the U.S. by hairdressers and sold as a few proprietary products since the 
1890’s. The new line was immediately successful, both beeause of the superiority of the products 
and because both hairdressers and the public were reacting against the compound hennas then in 
vogue. 

Research for Improved Products and Processes. Within a short time after the new line of 
oxidation dyes wus introduced, cases of dermatitis were reported from all aver the U.S. The American 
company immediately took steps to protect users of their products and to initiate intensive research 
toward improving both compositions and methods of application. The pioneer in all this work was 
Ralph L. Evans, a chemist of New York, then an mstructor on the staff of Marston T. Bogert, in the 
Department of Chemistry at Columbia University. He first modified the eompositions to inhibit the 
invitating effects of the p-phenylenediaminc dyes and then, in 1924, introduced a new line of colorings 
without this ingredient. Te standardized methods for applying the oxidation dyes, including require- 
ments for a preliminary shampoo and pretreatment with hydrogen peroxide to make the hair more 
receptive to the dyes. Among other improvements were the establishing of strict specifications for 
raw materials and for hydrogen peroxide (5-6%, 17-20 vol.); and the development of products and 
treatments for removing ol dycs so that prospective users of amino dyes could change from the 
coating varieties with the minimum of damage te their hair (15,44). 

In 1926, Dr. Evans’ company established the first center for formal instruction on hair, hair dyes, 
and dyeing methods; and a staff of well-trained technicians who carried this instruction to all parts 
of the country, through public and private demonstrations to the trade and in schools of general 
beauty culture. 


Advantages and Disadvantages of Amino Dyes. Even in the earliest, days, with 
all the impure materials, caustic oxidizing ageuts, relatively crude shades, and un- 
certain methods of application, it was obvious that the effects of dyeing hair with the 
new products were better than those obtainable with earlier dyes. The colorings 
penetrated the hair shaft instead of coating it, and when the excess was washed away, 
the hair retained its natural luster and was not adversely affected by curling irons. 
As compositions were improved and the range of shades was extended beyond those 
of dyed seal, red fox, and brown bear, it hecame obvious that any natural shade of hair, 
from palest blond to deepest black, can be duplicated with the amino dyes. For 
anyoue with the requisite knowledge and technical skill they are easily applied. 

Tt would seem, therefore, that the amino dyes meet the requirements of the “ideal 
dye” except for the one disadvantage of theiv irritating effects on the skin of allergic 
individuals, Although the importance of personal susceptibility and the benign 
nature of the condition in most cuses were recognized in the carliest reports, it was 
many years before it was recognized that “hair dye poisoning” is simply dermatitis 
venenata (contact dermatitis), The amino dyes should thus be classified with poison 
ivy, and several other plants, chemicals, and other dermatitis-producing allergens 
(g.v.) (5,19,41,50,51). 

Reports of death and of serious internal disturbances from p-phenylenediamine 
hair dye can usually be traced to medical writers who were not themselves investigators 
and who mistook early reports of troubles in the fur industry, or pharmacological 
studies on animals, ag general truth. The bulk of adverse medical literature on p- 
phenylenediamine alone is impressive, but little of it is of value at this stage in. the 
development, of the whole broad field of oxidation dyes in cosmetics and cosmetology. 
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Searches in the literature are now best limited to publications by physicians and scien- 
tists who have both clinical experience and first-hand knowledge of contemporary 
procedures in the manufacturing and application of this type of product (15,22,43,48). 

Forms of Oxidation Dyes. Regardless of the physical form in which the amino or 
oxidation dyes are offered to the trade and to the public, the underlying principle in all 
is the same. The materials for any single application are packaged in two units: 
one, containing the dye (commonly marked ‘‘A”’); the other either a bottle of stabilized 
hydrogen peroxide (commonly marked ‘'B’”) or a well-protected measured quantity 
of urea peroxide in tablets or powder. 

These products may be in the form of: 

(a) Clear liquids: The oldest form of the modern successful dyes. They remain 
thin clear liquids when mixed with the developer. Methods of application usually 
require a preliminary shampoo and pretreatment with hydrogen peroxide. 

(b) Shampoo tints: Theoretically a combination of coloring and shampoo, which 
originated in Germany and were introduced into the U.S. from France and England 
in the early ’30’s. The first products were thickened with a simple fatty acid or 
(usually) a synthetic soap, and the (usually) dry oxidizer was added either directly 
or asa freshly prepared solution. This type of product offered few, if any, advantages 
over the preceding. The techniques of application were exactly the same, and most 
of the assorted surface-active agents, oils, and other materials, which have been added 
to various compositions in more recent developments, have not completely obviated 
the necessity for a good shampoo following the treatment with many products of this 
type. 

(c) Cream dyes: The newest development, introduced from Germany in 1950. 
The dye is incorporated in a paste (or, later, a softer creamy base) with surfaco-active 
agents, essentially like those used in eream shampoos; sold in tightly sealed tubes 
from which a measured amount is squeezed out and mixed with hydrogen peroxide. 
As the technique for mixing and applying these products demands a good eye for color 
and a high degree of technical skill, they are intended for use only in beauty shops. 

(d) Miscellaneous: New products based on amino dyes which seem to come and go 
from season to season, One type is a dilute solution of a dye in soap or synthetic 
detergent, to be mixed with some specified amount of peroxide. These are usually 
offered in only a few shades, intended to bring out highlights in the hair or to neutral- 
ize some unwanted off-shade.. 

French and German products when introduced to the American market are in- 
variably based on p-tolylenddiamine (p-toluylenediamine), because of the restrietions 
against p-phenylenediamine in Hurope. The former base has been found to offer no 
advantages over the latter. . 

The amino dyes have been predominantly products intended for application by 
experienced and skillful hairdressers, but most of them have also been sold directly 
to consumers. In one product; introduced in 1950 exclusively for use at home, the 
dyes were combined with a relatively high percentage of surface-active agents and 
developed by strong hydrogen peroxide, which was activated by an enzyme catalyst. 
It was thus possible to avoid all preliminary treatment of the hair and shorten the time 
of application considerably for untrained users. 

Composition of Modern Amine Dyes. Relatively little has been published on the 
composition of the modern oxidation hair dyes, All the good cyes in current use are 
proprietary products. Some of the recipes in newer formularics and handbooks 
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indicate the newer trends in composition, but others merely perpetuate the identity 
and quantity of ingredients in the most primitive of usable mixtures. Patents owned 
by various companies divulge the acceptable minimum; otherwise, all technical in- 
formation is carefully guarded by the manufacturers, and is usually known outside 
only to their consultants and to their competitors (12,35,36,54). 

If all hair that is to be dyed were gray and in good condition, the compounding of a 
good product would be a comparatively simple problem. ‘he production of good 
hair dyes only begins with the blending of shades. Ideal colors on normal human hair 
in good condition may look entirely different on hair that has been permanently waved, 
bleached, treated with remedial preparations, even shampooed with different types of 
products and in different kinds of water. All these factors must be considered before 
any line of dyes is thought to be satisfactory (52). 

Far from being the simple dye-alkali-oxidizer of the early days, the modern dye 
seems to be so compounded that it will not only color the hair but also cleanse and re- 
condition it, and “take” properly with controlled development of the desired shade. 
Anyone that wishes to do research on hair dyes must, therefore, be familiar with many 
other tynes of contributory substances and compounds, 

(a) Dyes: The range of actual or potential amino and related compounds now 
available should make it possible to reproduce all the average shades of human hair 
as well as many unusual ones. The eighteen standardized shades which served satis- 
factorily for about twenty-five years have been augmented to as many as thirty in 
some lines. In others, the number has been reduced to about a dozen average shades 
which can be modified to blend with intermediate tones, 

Any shade of human hair from “tow” blond to darkest brown falls into two general 
classifications: drab or ashy tones, with neutral or silvery highlights; warm tones, 
with reddish (coppery) or golden highlights. Any line of dyes must be planned to 
meet the demands of these basic variations; hence the compounder must know how to 
produce natural-looking golden, silver, and ash blonds; golden, ash, and reddish 
light and medium browns; golden, coppery, and auburn reds; warm and dull dark 
browns; even a bluish and a dull black. 

In compounding blond shades, the required preliminary bleaching of the hair 
must always be taken into consideration. 

Table II, compiled from many sources, offers suggestions, from which auy variety 
of combinations and modifications can be assembled (24,25,35,36,54). 

Many beautiful shades may be spoiled through shampooing with the strongly 
alkaline soaps and water softeners required in regions where hard water prevails. 
The correcting of these ‘“off-shades” has brought in a new group of colors in grayish 
tones which are to be mixed with, or applied over, the shade selected for a given head 
of hair. 

The rapid mcrease in the use of synthetic detergents instead of soap for shampoo- 
ing, in order to circumvent the unpleasant effects of hard water, has caused a corre- 
sponding increase in other effects in the hair. These, too, must be considered in the 
compounding and testing of many shades, 

(b) Adjuvants: For various Teasons mentioned above, it has become common 
manufacturing practice to “improve” a good dye solution by adding one or more sub- 
stances with special properties, Small amounts of soaps, ammonia, and certain wet- 
ting agents will help dyes to penetrate the hair and ‘‘take’’ more quickly. 

Everything to be added for any other purpose, such as a sequestering agent (¢.v.), 
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should be most. carefully checked, both as to quality and as to quantity, to ensure that 
it is compatible and effective for the purpose intended. Sulfonated oils, for example, 
strip color from both natural and dyed hair; therefore, they must be used with caution. 
The alkylated aryl sulfonates are adsorbed on the hair and consequently may prevent. 
adequate penetration of the hair for complete coverage or full development of the 
shade. Other surface-active chemicals make the hair feel harsh (almost metallic) 
and difficult to handle. The amount of adjuvant to be added should be kept at the 
minimum as even a slight excess of some substances may cause the dye to diffuse 
through themselves and not affect the hair at all. 

Details of developments in this phase of research and activity ou hair dyes should 
be sought in the appropriate patents and technical journals, and from the suppliers of 
raw materials (57-66). 

(ce) Hydrogen Peroxide (qv.): Under normal conditions, hydrogen peroxide in a 
solution of 5-6%, generating 20 volumes of oxygen, isstrong enough for the usual pro- 
cedures in hair dyeing. Even on normal hair the use of peroxide of 25 or 30 volumes, 
or higher, may prove deleterious. It is even more damaging to hair that is not in good 
condition. If urea peroxide is to be used, special precautions should be observed; see 
“Solid hydrogen peroxide,” p. 185. 

(d@) Mordants: There has been a revival of interest in combinations of various 
types of synthetic organic dyes with mordants, such as salts of chromium, cobalt, 
copper, iron, and other heavy metals. Although it might be possible to produce 
satisfactory shades of hair with these combinations, they represent a reversion to the 
older types of dyes with which the disadvantages outweigh the single advantage that 
some of them are nonallergenic (24,36). 

Regulations Governing Amina Dyes. Always singling p-phenylenediamine from 
the large group of amino dyes, the medical authorities in the U.S. sought from time to 
time to have it banned from use as hair dye, or subjected to special contro! by the Food 
and Drug Administration. This was first proposed in 1924, but no action was taken. 
Tn 1926, the Health Department of the City of New York amended its Sanitary Code 
to prohibit the sale and distribution of cosmetic preparations containing p-phenylene- 
diamine, lead, and mercury, This was never effectively enforced. 

In the face of multiplying competitive lines of products and consequent rapid 
increase in the use of amino dyes, a8 well as a better understanding of the trouble 
caused by these dyes, in which none proved to be completely blameless, some of the 
authorities took a more lenient attitude toward them. Ethical manufacturers had for 
years included in the directions for use of their products the instructions for making 
the preliminary test for allergy; but the injunction was directed to those that knew 
they were allergic to foods, drugs, or other chemical substances. For better protection 
of all users, the Sanitary Code of the City of New York was again amended (1931) 
to make the preliminary test mandatory, twenty-four hours before any general applica- 
tion of any amino dye; and to require all beauty shops where such dyes were applied 
to post a sign acknowledging the use of amino dyes and stating the requirement for the 
test. 

The Federal Food, Drug and Cosmetic Act, as enacted in 1938, specifically re- 
quires every user to make the preliminary skin test before every application of any 
hair dye that contains ammo compounds; and also prohibits all use of dyes of this 
type on the eyebrows and eyelashes. Most of the State laws governing foods, drugs, 
and cosmetics include similar regulations for use of amino hair dyes; a few have ex- 
tended them also to hair colorings based on the certified colors. . 


I8¢ TINTS, HAIR DYES AND BLEACHES 


Responsibility in claims for damages in the now occasional cases of dermatitis 
from an application of hair coloring is now determined by whether or uot the prelimi- 
nary test was made as preseribed hy law. 


Bleaching Agents 


Although the effect of a bleaching agent is the subtraction, rather than the ad- 
dition, of color, bleaches for the hair are often classed with colorings because they do, 
in fact, cause a change in shade. Like dyes, bleaching agents are among the oldest, 
products on which there is a practically continuous record. 


Early Bleaches, Primitive recipes for bleaching the hair were common in Rome during the 
two centuries that bridged the beginning of the Christian era. The Roman ladies greatly admired 
the golden hair of many of the captives brought from northern countries and tried to imitate it. 
Native minerals such as vock alum, quicklime, crude soda, and wood wash, occasionally. combined 
with old wine (or dregs of wine) and water, served as favorite “blond washes.”’” These preparations 
were left on the hair overnight or for several days, and the resulting reddish-gold shades were usually 
considered satisfactory. If the hair happened to be completely destroyed, the ladies frequently 
demanded that the hair be shorn from the captives and made into wigs for them (8,32,33). 

Renaissance Recipes and Practices. As cosmetic treatment was considered a legitimate part 
of medical practice until about the end of the 16th century, all the famous old books of medical (and 
other) “secrets’’ contain recipes for bleaching the hair. The alum, ashes, borax, niter, crude soap, 
and soda of the earliest mixtures were still used, but always with decoctions of various plants, Com-~ 
monly found are bireh bark, broom, celandine, lupine, mullein, myrrh, saffron, stavesaere, and tur. 
meric; old wine and dregs of wine wre also mentioned (8,27,49,54). 

To produce the beautiful golden red (“Venetian blond’’) shade of hair immortalized by the great 
artist Titian, the Venetian ladies sponged and conibed a solution of soda (or rock alum, black sulfur, 
and honey) through their hair, spread it over the broad brim of a crownless hat, and tet it dry in the 
sunlight. This treatment was introduced into France late in the 16th century by Marguerite de 
Valois, and with slight modifications it remained for over two hundred years the acceptable method 
for producing blond and reddish shades of hair for the relatively few that desired them (32,53). 

Chemical Bleaches. Although the fading of colors on exposure to air and sunlight had long 
been recognized, the slow action and uncertain results of molecular atmospheric oxygen made con- 
tinued utilization of it impractical by the L9th century. When interest was revived in bleaching the 
hair—after two centuries of perukes and powder and a period of disfavor for all red shades of hair— 
many oxygen-releasing compounds were available for testing, 


For use on living human hair, a chemical bleaching agent must be nontoxic, 
mild in action, and free of harmful residue. These requirements rule out many effec- 
tive oxidizing agents; in fact, they narrow the possibilities to sodium hypochlorite 
and hydrogen peroxide (and sources). As the former is not suitable for the bleaching 
of animal fibers, use of it in cosmetology is limited to the removal of dye stains (see 
p. 187). The reducing action of sulfur dioxide is also utilized to a limited extent (35). 

Hydrogen Peroxide (q.v.). The most satisfactory bleaching agent for human hair 
is hydrogen peroxide, because after its available oxygen has been released nothing but 
water remains. Although discovered in 1818, it was not adopted by hairdressers 
until some time after it had proved its worth in several branches of the textile industry. 
The bleaching of hair was first demonstrated through the collaboration of Leon Hugo, 
a Pavisian hairdresser, with Ii. H. Thiellay, a chemist, curing the Paris Exposition of 
1867. Its popularity spread rapidly in Europe and in the U.S., and by the turn of 
the century hydrogen peroxide had superseded everything used previously for bleach- 
ing human hair. 

For this purpose, the preferred peroxide was for many years that produced from 
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barium peroxide; that made electrolytically is now more commonly used. ‘Drug 
store peroxide,” a 38-49% solution, generating 10-12 volumes of oxygen, 1s commonly 
used for bleaching the hair at home, but for more rapid action the 5-G%, 17-20 vol. 
solutions are generally used in beauty shops. These are sufficiently strong for all 
practical purposes; the solutions of 30 volumes or more, recommended for certain 
treatments, offer no advantage and may actually harm the hair. 

‘To maintain the desired quality, solutions of hydrogen peroxide must be stabilized 
with chemicals; acetanilide, dilute acids, p-hydroxybenzoates, sodium stannate, or 
stannic hydroxide may be used. ‘T’o aid in preventing deterioration through care- 
lessness, dealers in supplies for beauty shops recommend that peroxide be bought in 
one-pound bottles, rather than larger containers. 

Action of Peroxide on Hair. In practice, the peroxide solution is activated by the 
addition of ammonium peroxide (28%, 0.880 sp.gr.), usually 15-20 drops to the ounce 
of peroxide. The ammonia should always be used sparingly; too much may cause 
reddish tints to develop (53). 

In the simplest method of bleaching, the hair should be well shampooed and dried, 
and the peroxide solution applied to the full length of it, strand by strand. The 
bleaching action, which oxidizes the color to lighter shades, can be continued as long 
as desired by keeping the hair saturated with the peroxide; and it can usually be 
stopped at any stage by copious rinsing with hot water. No second shampoo is re- 
quired. 

By experimenting with different proportions of peroxide and ammonia and times 
of contact a wide variety of beautiful shades of hair is obtainable. Other conditions 
being constant, any hair can be kept the same shade by periodically applying the same 
bleaching mixture for the same length of time to only the new growth of hair as it 
appears. Repeated application to the same portion of hair leads to serious damage to 
the texture of the hair and the familiar atrawlike, overbleached appearance. 

As the lightest obtainable shade with hydrogen peroxide is always yellowish, 
the whitish “platinum blond” shade requires a rinse with a dilute solution of Methyl 
Violet, Methylene Blue, or Nigrosine (24,35,53). 

Bleaching Products and Treatments. In addition to solutions of hydrogen per- 
oxide, which are marketed under mauy proprietary names, some of the other commer- 
cial forms are: 

(a) Solid Hydrogen Peroxide: Tablets made of peroxide and urea; or mixtures of 
sodium perborate and, for example, tartaric acid. These are to be dissolved in water at 
the moment of use. , 

Any package that contains urea peroxide (see Vol. 10, p. 82), to be made into a 
solution beforé being added to a dye selution, should carry instructions that only dis- 
tiled water should be used for this purpose and that contact with metals should be 
avoided in preparing it. As a protection for both distributor and user, a date of ex- 
piration should be stamped on the package. 

(b) “White Henna”: A trade term for magnesium carbonate (with or without 
sodium perborate or other compounds), to be mixed with hydrogen peroxide and am- 
monia and applied in the same manmer as the clear liquid. The alleged advantage is 
that the paste “stays put’; but the white obscures the development of the shade, and 
the treatment requires a second shampoo (35,53). 
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(ce) Oil Bleach: Aromonium oleate, sulfonated olive or castor oil, to be mixed with 
peroxide at time of use (24). 

(d) Peroxide Shampoo: In beauty shops, this is usually a mixture of hydrogen 
peroxide and soap solution. Proprietary products may be mixtures of wetting agents 
and sodium perborate. In selecting synthetic surface-active agents for such products, 
the pH must be taken into consideration (53), 

Blanching of Hair. Besides the golden red and yellow shades of hair, obtainable 
with hydrogen peroxide, there has been an intermittent and sporadic demand for some 
means of turning mixed gray hair an even snowy white. For such a treatment, the 
reducing action of sulfur dioxide has been recommended. 

The blanching effect of the fumes of sulfur dioxide on animal fibers has heen 
utilized since at least the time of Pliny, for he recorded that the Romans exposed their 
woolen fabrics to the smoke from burning sulfur in order to whiten them. Later 
writers mention a mixture of sulfur and lye, used similarly. 

According to more recent suggestions, the hair should be thoroughly washed and 
dried, saturated with a warm concentrated solution of potassium permanganate, anc 
allowed to dry again. It is then saturated with a water solution of sodium thiosul- 
fate, slightly acidified with sulfuric acid. When the brown color produced by the 
permanganate becomes appreciably lighter, the hair should be thoroughly rinsed with 
water. It is said that by repeating this double application a few times the hair can 
be made snow-white. For this treatmeut, the concentration of the two solutions 
must be most carefully controlled, or the hair may be badly damaged (28,35,49). 

Efforts in research on a safe and sure means of blanching hair should be both 
osthetically and commercially profitable. 


Dye Removers 


In the Jong succession of products and treatments for the hair, dye removers came 
very late. Most of the “decolorizers’? mentioned in a few publications before 1925 
consisted of hydrogen peroxide or a hypochlorite, either of which was ineffective or 
disastrous on dyed hair, In that year, however, coincident with the intensive pro- 
motion and wide acceptance of the new American amino dyes, there was a sponta- 
neous demand, both from hairdressers and from the public, for products and treatments 
by which dyed hair could be cleared of the hennas and metallic “restorers” and con- 
verted to the new dyes. 

The truth of an axiom, then being taught to hairdressers, soon became obvious: 
There is no single safe quick-removal process for all old dyes. Many compounds were 
tried, for example, oxalic and citric acids, iodine and potassium iodide, potassium 
cyanide; but all were discarded as unsuitable or unsafe. 

Because there will always undoubtedly be persons who wish to change from one 
type of hair coloring to another, that is, from the metallic to the oxidation dyes, there 
is a need for research on safe and effective dye removers. Any product of this kind 
should always be accompanied by explicit instructions for applying it over different 
types of dyes; and especially for simple tests by which the user can check progress 
toward the results desired (53). 

Hot Oil Treatments. For the preliminary treatment of stubboru metallic 
(“coating”) dyes, the hair may be soaked in » mixture of mineral aud vegetable oils and 
heated by slipping strands of if through an iron. A marcel iron, a pressing iron (as 
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used for paper curls), or a metal pressing comb, such as Negroes use for straightening 
the hair, may be used. The hair is then rubbed with a towel and thoroughly sham- 
pooed, 

This treatment seems actually to soften the coating on the hair se that much of it 
can be removed mechanically without causing breakage. It should be repeated util a 
test with the new product shows that the latter can be safely blended into the pre- 
viously dyed hair (53). 

Sulfonaled Oils (see Vol. 3, p. 240; Vol. 18, p. 514). At any time, sulfonated 
oils must be applied to the hair with caution because they strip the natural color from 
it and may bring out unpleasant streaks. Many dye removers consist of sulfouated 
(usually castor) oils, with or without salicyelic acid or other substances of specific 
properties. After being applied they may be heated with irons, with au electrically 
wired cap, or any other convenient device. 

An advantage of this type of product is that it is miscible with water or hydrogen 
peroxide, and thus may be used to remove (or lighten the color of) penetrating dyes. 

Other possibilities are: 

Sodium Hydrosulfite, NaxSxO. (see Vol. 18, p. 427). Sodium hydrosulfite is the 
hasis of several proprietary dye removers. Although they are most. effective with the 
dyes based on certified colors, they are recommenced also for lightening the shacle of 
amino (Lyes, and especially for removing dye stains from the skin. 

Sodium Thiosulfate, NagSsO, (see p. 104). A 5% solution, acidified with 2% of 
sulfuric acid, has also been recommended for removing stains. 

Sodium Formaldehydesulfowylate, NaSOQ.CH,OH (see Vol. 13, p. 428). This com- 
pound has been successfully adopted from the textile industry for these purposes. ° 


Testing of Products 


Continuous research for improved products has greatly simplified the testing of 
hair dyes and related cosmetics. 

Chemical Tests. Although the number of proprietary hair dyes on the market 
is bewildering, familiarity with the physical appearance of the various types described! 
is the first long step toward identifying them. Simple qualitative tests will easily 
diselose the constituents of metallic dyes. Hair dyed with an unknown product 
can be incinerated, and the residue analyzed by usual procedures (10,11,21,22,48), 

Confusion between plain and compound henna, for example, can be resolved by 
burning a sample of hair to ash. An earthy odor and the absence of residue would 
indicate the plant product; a dark residue could be tested for copper and iron. A 
complete testing program for samples of dyed hair was devised by Evans in 1925, 
and widely utilized in early educational programs (53). 

Official tests for identifying the oxidation dyes, especially in combinations, have 
been published by the Cosmetics Division of the Food and Drug Administration (60). 

The hydrogen peroxide furnished to manufacturers and distributors of hair dyes 
is now reliably uniform and uniformly good. In any emergency, the volume content 
could be quickly checked with a “peroxometer,” adapted by Evans from a ureometer 
—a, J-tube, to be Alled with ammoniated copper sulfate, and marked so that the amount 
of oxygen liberated by 1 ml. of hydrogen peroxide can be read directly in milliliters of 
gas in the long arm, A newer device for the same purpose is like a hydrometer for 
specific gravity, calibrated for direct reading of volume-content. 
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Biological Tests. Despite the generally broader enlightenment now on the 
nature of the dermatitis caused in allergic individuals by some of the oxidation dyes, 
many elaborate programs of biological and pharmacological tests on the internal effects 
of these dyes (especially »-phenylenediamine) on small animals are still conducted 
from time to time. Carefully controlled programs of tests for external effects on 
large numbers of human beings of all types and under all conditions would help to 
establish the actual percentage of sensitive individuals, and thus resolve much of the 
long-standing doubt and fear of these valuable chemical products (43,51). 

Clinical Tests. The clinical testing of any new hair dye is of the utmost im- 
portance to both manufacturer and user. There must be some assurance that the 
proposed product really is a good hair dye; that is, that it will give good results, not 
only of itself, but also in Combination with other customary treatments. For example, 
it should not be considered sufficient just to produce good colors on cut swatches of 
hair before embarking on a long and expensive program of biological tests. The re- 
searcher should have the further assurance that his product will withstand permanent, 
waving of hair on the living head, and average shampooing with a wide variety of 
modern products (52). 
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TITANIUM AND TITANIUM ALLOYS 


Titanium, Ti, atomic weight 47.9, atomic number 22, isin the fourth group of the peri- 
odic table above zirconium and hafnium, which it resembles in many properties. 
Horizontally it is between scandium and vanadium. The most abundant isotope is 
Ti, which comprises 73% of naturally occurring titanium, Others are Tit, Tit, 
Ti, and ‘Ti, which comprise 5-8% each. See also Titandum compounds. 

Discovery of the element is generally attributed to Gregor in 1791. Titanium 
occurs widespread in the earth’s crust, being about one-tenth as abundant as iron and 
600 times as abundant as copper. The first approach to the isolation of the pure metal 
was made in 1887 by Nilson and Peterson who succeeded in preparing a metal 94.7% 
pure. Approximate physical and chemical properties of pure titanium are given in 
Table I. 


TABLE I. Approximate Physical and Chemical Properties of Titanium. 








Appearance... . 0c. cee eee Dull silvery, metallic 

Density... ce eee eee 4.54 ¢./eu.cm. 

MoPieccc ccc cccccccecuceececucunetteeuren = 1680°C, 

BDie cece cecceecveceeveveseevuceeeaaers >3000°C, 

Vapor pressure... 00.0606. eee eee eee 12 microns at melting point 

Crystalline form,.....0 0... eee eee Hexagonal close-packed transforming at: 
880°C. to body-centered cubic 

Sp. heat... eee eee eee 0.18 eal. /(g CPC.) 

Latent heat of fusion... 0.0.00... 000. .000, 96 eal. /g. 

Linear coefficient ofexpansion.............. 8.5 & 1076 per °C. 

Bleetrical resistivity... 6... eee =56 & 1078 (ohm)(sq.cm.)/(em.) 

Modulus of elasticity... 0.0.6.0... eee eee 215 X& 108 p.s.i. 

Corrosion resistance... 02. cee eee Aqueous chlorides~—exeellent 


Oxidizing acids—good 





In spite of its wide occurrence, titanium has not been used as a structural metal 
until very recently, because of the difficulty of extracting it from its ores. Although 
it has many desirable properties for certain uses, the metal was not commercially 
available until 1948 and then only in small quantities at high prices. During 1954, 
titanium metal production was expanded at a phenomenal rate, despite continuing 
high prices. This expansion was the result of properties that make the metal unique 
for certain applications in military aircraft. An estimate of U.S. production is given 
in Table TT. 


TABLE II. Titanium Metal Production. 

















Year U.S. production, tons 
UDB ee eee eee eee ent as 10 

Ot: 25 

T9BQ eect teen eens 7h 

LOB] cette etn tees 495° 

0S 5 1075° 

LDBB cee erect eee eee eens 2240° 

VODA cece ete nett etree eens 7200° 








a Reported by the U.S. Bureau of Mines, 
» Installed capacity completed by year end, excluding Bureau of Mines pilot unit. 
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It is expected that the price of titanium metal sponge will decline steadily over 
the next several yeurs as a result of expansion by several U.S. producers. The price 
remained at $5.00 per pound from 1948 until early 1954 when one producer reduced 
the price about 8%. Later in 1954 the same protlucer reduced prices to ahout, 13% 
below the initial $5.00 level. 

The major property or combination of properties respolsible for the meteoric 
growth of titanium metal is its high strength-weight ratio, particularly at some- 
what elevated temperatures, as shown in Figure 4. It is the belief of many in the 
industry that the future market, particularly the civilian or commercial market, must. 
depend on exploitation of the favorable corrosion resistance pattern of titanium. 
Other properties of interest are the high melting point, low thermal conductivity, and 
low coefficient of expansion of titanium and its alloys. In general, it appears that 
titanium alloys containing less than 10°, of other metals will be required for strength- 
weight applications. For corrosion resistance, in such applications as chemical plant 
equipment, it appears that commercially pure titanium metal may have satisfactory 
mechanical properties. A summary of the physical and mechanical properties of both 
commercially pure and alloyed titanium is given in Tables VIT and VIIL. Many of 
these tables and a portion of this discussion are based on reference (26). 

Analysis. A sensitive qualitative test for titanium comprises addition of hydro- 
gen peroxide to solutions. Depending upon the concentration of titanium, the color 
developed by hydrogen peroxide varies from pale yellow to deep red-orange. Chro- 
mium, vanadium, and molybdenum may interfere. They produce blue, brownish- 
red, and yellow colorations, respectively. If their presence is suspected, the original 
sample is subjected to fusion with a mixture of sodium carbonate and sodium nitrate. 
The melt is then leached with hot water and the residue is dissolved in sulfuric acid. 
The peroxide test is then made on the resulting solution. 

Titanium may be determined gravimetrically and colorimetrically, but the method 
most widely used in industry is the volumetric method (87) in which the sample 
is fused with potassium bisulfate, the fused mass dissolved in hydrochloric acid, care- 
fully reduced by means of amalgamated zine shot in a Jones reductor, and titrated with 
ferric alum in the presence of alkali thiocyanate indicator to a permanent straw-color 
eud pomt. Although iron is often present, particularly in ore samples, it does not 
interfere in the ferric alum titration, since ferric iron is reduced along with the titanium 
during passage through the Jones reductor. Interfering elements, chromium, molyb- 
denum, tungsten, and vanadium,may be removed from titanium solutions by precipita- 
tion of titanium with sodium hydroxide and hydrogen peroxide. 


Ores 


The principal ores of titanium are ilmenite, theoretically FeO.TiOs, and rutile, 
TiOe. Tlmenite is found in beach sands and in rock deposits associated with iron. 
Rutile is much less abundant; the principal source is certain Australian beach sands. 

Iimenite derives its name from the men mountains in the Ukraine, where it was 
first discovered as a massive rock ore. The principal sources today are the beach 
sands of Travancore, India, and ancient inland beaches in northern Florida. Massive 
rock titanium -bearing iron ores are found in the Adirondack Mountains and eastern 
Quebec. The former ore is produced by the National Lead Company at its Mac- 
Intyre mine; the latter is beneficiated by the Quebee Iron and Titanium Corporation 
to produce titanium dioxide -- rich slag and by-product pig iron. 
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Ores are also found in Norway, Brazil, Ceylon, Columbia, Uruguay, Newfound- 
jand, and many other foreign countries. In this country ores are found in many states 
including New York, Florida, Virginia, California, Oklahoma, Arkansas, Wyoming, 
and Georgia, 

A list of typical ore compositions is given in Table III. 


TABLE I. Typical Titanium Ore Compositions. 








Ore Type TOs, of Ve, up red, , FeaOs,, Ch Y Vi0s, cA C 20, , Ye M 20, % 

Indian ilmenite Beach sand concen- — 60 25 10 25 0.4 0.38 1,2 
trate 

Ceylon ilmenite Beach sand concen- — 55 3L 1 2+ 0.5 0.2 0.8 
(rate 

Florida ilmenite Ancient beach sand 64 21 5 25 — ian 
concentrate 

Adirondack ilmenite Tock concentrate 45 35 38 7 — — —_ 

Norway ilmenite Rock concentrate At 35 36 it 0.38 0.2 3.0 

Canadian ilmenite Rock concentrate 30 36 29 19 — 0.1 0.1 

vanadian ilmenite Roek slug beneficiate 72 6.7 6.8 — 0.5 1.4 4.7 


Australian rutile Sand concentrate 06.6 0.6 0.8 —_ 0.6 ~~ — 





Preparation of Titanium Sponge 


Karly attempts to recover pure titanium from oxide ores by conventional smelting 
methods were unsuccessful. Several investigators produced and characterized im- 
pure materials in the belief that they had isolated pure titanium, thereby creating 
confusion and false notions regarding the metal’s properties. 

At elevated temperatures titanium metal has great affinity for oxygen, nitrogen, 
carbon, and hydrogen and can hold limited quantities of these elements in solid solu- 
tion without formation of a sccond phase. These contaminants dissolve inter- 
stitially within the lattice without replacing titanium atoms of the lattice. Small 
amounts of such interstitial contaminants, less than 1%, render titanium metal brittle 
and useless, This fact explains the principal difficulty in the winning of titanium 
metal and accounts for the early failures. 

Titanium dioxide can be partially reduced with carbon at high temperatures but 
attempts to complete the reduction result in formation of carbide. Titanium dioxide 
can be reduced by magnesium metal at red heat to a composition approximating Ti,0. 
Calcium is more effective, and can give titanium metal containing only several tenths 
of 1% oxygen, but although the heat of formation of CaO ix 151.7 kg.-cal. per gram 
mole, and that of TiO, is only 112 per oxygen atom, complete oxygen removal docs 
not occur. This demonstrates the inherent stability and high heat of formation per 
atom of small amounts of oxygen in solid solution in titanium. 

Essentially all the titanium produced today is produced from titnium tetra- 
chloride. Titanium tetrachloride is produced by chlorination at red heat of titanium 
oxide ores mixed with carbon. The fact that titanium tetrachloride is a liquid which 
boils at 186°C. permits purification by fractional distillation. In 1910, Hunter pro- 
duced small amounts of ductile metal by sodium reduction of titanium tetrachloride 
in a small bomb constructed to withstand high pressure at red heat. Metal of the 
highest purity has been produced by Van Arkel and others by decomposition of ti- 
tanium tetraiodide vapor on a hot filament under reduced pressure. 
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In 1940 Wilhelm F. Kroll obtained a patent for reducing titanium tetrachloride 
with magnesium metal at atmospheric pressure and at red heat in the presence of a 
noble gas such as helium or argon (48). The Kroll process was further developed by 
the U.S, Bureau of Mines at its experiment station at Boulder City, Nevada. Much 
of the impetus behind the recent growth of titanium should be credited to this agency 
and to F.8. Wartman who pioneered in ductile metal production, 

The original process developed by the Bureau of Mines employed reduction of 
titanium tetrachloride by magnesium metal under helium on a seale of about 100 |b. 
The bulk of the by-product magnesium chloride was drained from the reactor as a 
liquid (m.p. 712°C.). ‘The reactor was then cooled and transferred to a large lathe on 
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Fig. 1. Flow sheet. 







which it was cut open and the crude metal removed as chips by boring. The crude 
metal chips contained unreacted magnesium metal and undrained magnesium chloride. 
These contaminants were leached out with dilute hydrochloric acid at room tempera- 
ture. The leached chips were then ball-milled to a 35-mesh powder which was cold- 
pressed at 50 tons per square inch to form “green” compacts. These compacts were 
sintered at red heat under vacuum to volatilize residual contaminants and the hydro- 
gen picked up during the leaching step. ‘The sintered compacts were then hot worked, 
often in steel sheaths to exclude the atmosphere, to produce wrought metal for testing 
and evaluation. These developments were outlined in Bureau of Mines reports (43). 

The process used at present by U.S. producers also employs magnesium reduction 
of titanium tetrachloride. Batches of metal weighing up to 3,000 Ib. are produced. 
The crude metal is purified by volatilization of residual magnesium and magnesium 
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chloride at 900-1000°C:., under high vacuum (see Vaeuune technique) ov by leaching with 
dilute acid. The purified sponge is generally sold to melters in the form of !4-in. 
lumps. A generalized Aow sheet is given in Figure 1. Typical analyses are shown 
in Table TV, 


TABLE IV. Typical Compositions of Commercial Titanium Sponge. 








Composition, % 








Component Vacuum purified : Anueoug acid loached 
99.5 99.3 
0.25 0.15 
0,10 0,10 
0.038 0,08 
0.0: 0,08 
0.05 0.30 





a arly product of U.S. Bureau of Mines, 





Many millions of dollars annually are being spent by a number of industrial and 
government laboratories in an effort to develop a basically improved process for low- 
cost. titanium. Sodium reduction of titanium tetrachloride is planned by one 
U.S. and by one British producer. 

Potentially low-cost, electrolytic processes have been announced on several recent 
occasions but have yet to become important. Perhaps the most significant factor in 
the development of an economical electrolytic process is that titanium must be de- 
posited from a fused salt at a temperature far below its melting point. Under these 
conditions it has been difficult to produce massive metal, rather than fine particles, 
which can be withdrawn from the cell without excessive surface contamination and loss 
of electrolyte. Electrolysis of fused potassium fluotitanate, Til’s, is receiving con- 
siderable attention. 

There is still much room for improved engineering and cost reduction in processes 
employing titanium tetrachloride and a reducing metal. The development of a proc- 
ess having low labor and low maintenance requirements and low capital investment 
per daily ton could result in great expansion of the titanium industry. 


Consolidation and Fabrication 


Titanium sponge (or scrap) cannot be melted by conventional techniques com- 
monly employed for ferrous and nonferrous alloys. ‘The high reactivity of the molten 
metal requires an inert blanket of a helium-group gas or vacuum to eliminate contam- 
ination with nitrogen and oxygen. Protective layers of flux are inadequate because 
of the adverse effects of even minor quantities of atmospheric gases. In addition, 
no refractory which is completely inert to molten metal is at present available. Even 
stable oxides such as thoria result in appreciable oxide contamination. The search 
for a suitable refractory is receiving much attention. 

Powder Metallurgy. Initial efforts to bypass the high reactivity of molten 
titanium led to an extensive evaluation of powder metallurgy by the U.S. Bureau of 
Mines, Granular metal, scrap, or sponge may be pressed into compacts at pressures 
of 30-50 tons/sq.in. If appreciable quantities of volatiles such as magnestum, 
magnesium chloride, or hydrogen are present they can be removed by vacuum sinter- 
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ing (1 X 10-4 mm. at 1000°C. for 10-16 hours). High vacuum at temperature is 
necessary to reduce the volatiles to an acceptable level. Compacts may then he 
forged and. rolled by conventional terhniques. Low-volatile sponge containing less 


found eveu limited commercial application. 
of introducing 0.3-0.8% carbon into the melf resulting in undesirable effects on physi- 
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Fig. 2. Induction melting furnace. 


than 0.1% magnesium and 0.01% hydrogen by weight does not require the Gaveuusu 
vacuum sintering. Small specialty parts such as porous filter disks are manufactured 
by this technique. 

Induction Melting. Of all the crucible refractories evaluated, only graphite has 
This method has the inherent weakness 
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cal properties such as impact strength. Precipitated titanium carbide, which occurs 
at. about 0.2% carbon and above, greatly increases the difficulty of fabrication by 
welding and machining. The major advantage of this technique is that the entire 
furnace charge is molten at one time, resulting in homogeneous alloys and permitting 





FEED HOPPER 


Fig. 3. Arc melting furnace. 


the recycling of massive scrap. In the production of large forgings where relatively 
low ductility and toughness can be tolerated, this method has found limited appli- 
cation. Ingots up to 650 lb. in weight have been cast in furnaces such as that shown 
schematically in Figure 2. 

Cold-Mold Are Melting. Almost all titanium metal produced is melted in 
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water-cooled copper arc furnaces. ‘Kroll was the first to apply this technique to 
titanium although it had previously been used for other refractory metals. The 
basic principles are quite simple. Heat is supplied by a d.c. are struck between a 
cathode of tungsten, carbon, or titanium and the charge, which is contained within a 
water-cooled crucible. The crucible is securely sealed and filled with argon or helium 
to prevent atmospheric contamination. As the charge melts, a thin film of metal 
solidifies against the water-cvoled crucible and serves as the real container for the liquid 
pool, A semidiagrammatic outline is shown in Figure 3. 

This method has the basic advantage of reducing the amount of carbon or tung- 
sten introduced to less than 0.2%, and when consumable electrodes of pressed titanium 
sponge are utilized as the electrode, these contaminants can be eliminated. Unfor- 
tunately only a relatively small pool of metal ean be maintained molten at any one 
time and the production of large homogeneous alloy ingots is, therefore, a complex 
problem. 

With permanent carbon or tungsten electrodes, titanium sponge and alloying 
agents must be carefully added, since only a small portion of the ingot exists as a homo- 
geneous melt at any instant. With consumable electrodes a more extensive liquid 
pool can be maintained and somewhat better homogeneity results. Another ad- 
vantage of consumable electrodes, when melting low~volatile commercial sponge, is an 
improved ingot surface and, therefore, a smaller scrap loss. A technique of producing 
an initial ingot of small diameter and subsequently remelting, using this as a consum- 
able electrode feed for a second larger furnace, has recently been commercially utilized 
and further improves homogeneity. Continuous melting and withdrawal of are- 
melted ingots has also been employed on a limited scale. 

Ingots up to 4000 Ib. have been produced by are melting and the homogeneity 
of fabricated metal has greatly improved with increasing size. 

Skull Melting. The use of thick skulls or shells of titanium to contain large 
molten pools of metal is under development in numerous laboratories, and small 
castings with properties similar to those of wrought metal have been produced. How- 
ever, no large commercial exploitation of this technique is as yet reported. Heat is 
supplied by are or carbon resistor and the skull is maintained by taking a large heat 
loss through the furnace hearth. This method offers a solution to the problem of 
scrap recovery, for which the cold-mold method is ill-adapted. 


PRIMARY FABRICATION 


While sponge or molten titanium reacts rapidly with gases of the atmosphere at 
elevated temperatures, consolidated metal can be heated in conventional electric, gas-, 
or oil-fired furnaces and forged in air without unusual precautions. This allows the 
manufacture of semi-fabrieated products by forging, rolling, ete., on conventional mill 
equipment for stainless steel. A scale quickly forms at elevated temperatures on the 
surface of the metal which is fairly adherent and partially resistant to further oxidation. 
While the initial film is primarily oxide, gradual diffusion of both oxygen and nitrogen 
into the base metal occurs as the temperature is increased. In forms of appreciable 
cross section this effect is not significant since the hardened layer is negligible, but 
for very thin sections, such as thin-wuled tubing aud foil, inert-gas or vacuum 
heating may be required. Yorging, rolling, and heat-treatment practice are tailored 
to minimize the effeet of this phenomenon on finished parts. 

Forging. ‘Titanium and its alloys have found widespread evaluation, as forged 
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turbine compressor blades, forged disks, pierced and forged rings, contour-forged 
compressor blanks, and miscellaneous open and.closed die forgings. Titanium can 
be heated in electric, oil- or gas-fired furnaces. Temperatures in the range of 790- 
980°C. are used in forging titanium and its alloys. Alloys usually require tempera- 
tures about 25°C. higher than commercially pure grades. Titanium and its alloys 
move slowly under the hammer and more blows are usually required for a given re- 
duction than for stainless steel in its forging range. Better results are obtained if a 
heavier hammer than that used for stainless is employed. The heated metal flows 
well and under proper conditions will fill the die cavity. 

Rolling. Sheet bar of commercially pure titanium which has been ground or hot- 
chipped to remove defects can be hot rolled at temperatures of 730-820°C. In the 
production of thin sheets on hand mills, double and pack rolling is practiced. In 
rolling, alloys usually require a higher temperature than the commercially pure grades, 

Cold rolling can be accomplished on conventional equipment and with con- 
ventional methods. As the strength level of metal is progressively increased by alloy- 
ing, cold rolling becomes more difficult. Very pure titanium, such as that produced 
by the iodide process, can be cold reduced 98% hut commercial grades are usually 
limited to 25-0% reduction. 

Descaling and Pickling. Titanium metal and its alloys may be descaled by 
several conventional procedures. Mill and anneal scale is usually removed in a 
sodium hydride bath (see Vol. 9, p. 7). Metal can be subsequently brightened by 
an acid dip. Unnecessarily prolonged exposure must be avoided in either step to 
minimize hydrogen contamination. 

Virgo salt baths (fused sodium hydroxide and sodium nitrate) are also utilized, 
A maximum limit of 510°C. must be observed since explosive reactions between ti- 
danium and the bath have been observed above this level. 


SECONDARY FABRICATION 

Machining, Grinding, and Sawing. The physical properties of titanium give 
rise to special problems in machining and related operations: (7) The metal and its 
alloys seize aud gall upon other metals and hard substances. ‘This is well illustrated 
by the fact that it is possible to mark glass with moistened titanium. (2) It work- 
hardens rapidly and glazes when light cits are attempted. (8) The low thermal con- 
ductivity results in high temperatures at the cutting edge with welding of the tool 
and part. (4) Seale formed during heating is hard and abrasive. (45) The low 
modulus requires firm back-up to prevent deformation. This cannot be over-em- 
phasized, and heavy machines should be used. (6) Chips curl away from the tool 
at an abnormally sharp anple resulting in high stress concentration. 

It must be emphasized that this is a new material of construction and that con- 
ventional procedures are not adequate. All normal shop operations can be carried 
out, however, with experienced personnel and proper technique. In brief, adequate 
coolants, slow speeds, sharp tools, and proper tool angles are essential, 

Joining. Sinee titanium reacts rapidly with oxygen, nitrogen, and water vapor 
at elevated temperatures to produce hard and brittle alloys, care must be exercised in 
joining operations, particularly where a liquid phase is formed. Fortunately, inert 
wre welding supplies the required protective atmosphere. 

Commercially pure metal can be fusion-welded successfully, although alloys pose 
setions problems. Two phase, alpha-heta alloys (see p. 206) usually suffer from a 
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brittle zone of little or uo ductility, apparently asa result of recrystallization and grain 
growth, or beta decomposition products. These effects also occur with commercially 
pure metal but ductility is not seriously impaired. The use of unalloyed titanium 
ws filler rod for alloys results in a diluted weld zone and improved ductility, partieu- 
larly if controlled cooling is possible. Weldable single-phase alpha alloys containing 
aluminum and tin are marketed at present (1954). 

Spot welding of commercially pure titanium and many of the alluys is readily 
carried out with good results. Joining of titanium to dissimilar metals by this tech- 
nique has not been satisfactory since brittle welds result. 

Yor brazing, all oxide films must be removed first and subsequent exposure to 
air should be prevented. Varying success has been reported in brazing titanium to 
itself aud to other metals: successful joints can be produced but only under carefully 
controlled conditions. A brittle transition zone occurs if diffusion of the brazing alloy 
is allowed to take place; rapid operation at the minimum practical temperatiure, there- 
fore, is indicated. 

Sheet Forming. Many of the early difficultics in the forming of titanium and 
its alloys were due to the poor quality of available sponge at that time and to in- 
homogeneous ingots. As sponge quality and melting and fabricating techniques have 
improved, many of the original shortcomings have disappeared. Lack of homogeneity 
remains, however, as a major problem to the fabrication industry and extensive re- 
search is under way to improve uniformity, 

In general, formability of titanium is influenced by the following characteristics: 
(1) high yield strength; (2) limited ductility at room temperature; (8) sensitivity 
to strain rate; (4) anisotropy; and (4) notch sensitivity. Commercially pure 
titanium is similar in forming to }q hard stainless, and titanium alloys to 14 or full- 
hard stainless steel. Work-hardened titanium is difficult to form and suitable alloys 
of corresponding strength levels are preferred. 


Properties of Titanium and Titanium Alloys 


The purest form of titanium is produced as a erystal bar by thermal decomposition 
of titanium tetraiodide, although no extensive commercial adaptation of this method 
has yet. been made. Present commercial production is by magnesium reduction of 
titanium tetrachloride and it should be noted that commercially pure titanium is 
actually an alloy, although as manufacturing methods improve it may be possible to 
produce commercial metal approaching that obtained from titanium tetraiodide. 
Table V compares the properties of titanium obtained from the iodide with commer- 
clally pure metal consolidated from Kroll-process sponge. 


TABLE V. Comparative Properties of Iodide and Kroll-precess Sponge Titanium. 








Property lodide ; Kroll-process 
Hardness, Brinell 55-95 120-200 
Ultimate strength, p.s.i. 35-50, 000 40-100, 000 
Yield strength, p.s.i," 15-25 ,000 30-80, 000 
Hlongation, % in 2 in, 40-70 20-40 








* ().2% offset. 


Table VI compares the properties of titanium with those of other metals. 
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TABLE VI. Physical Properties of Titanium Compared with Other Metals. 














Comincreially Aluminum Magnesium Stuinless 
Property pure titanium 75-ST-6 AZ-314 steel ALS] 302 Monel 
Melting range: 
°C. 1680 476-6388 565-32 L400- 1420 1300-1350 
Ty. 3056 890-1180 1050-1170 2550-2000 2370-2460 
Density, g./eu.cin, 4.5 2.80 1.78 7.93 8.84 
Crystal structure type H.C.P,* below RC. ILG.P. EC.C. E.C.C, 
1615°F., B.C.C" 
above LG1Db°R, 
Lattice constant, A. 2.9505 4.0418 (Al) 3.20883 (Mg) -—~ 3.541 
“b. 6838 5.19908 
Thermal conduetivity: 
cal. /(sec. )(sq.em. )- 
(°C. /em.) 0.036 0.29 0.23 Q..089 0.062 
B,t.u./(hr. (sq.ft. )- 
(°F. /in.) 105 B15 672 113 L&80 
Thermal expansion (32— 
212°.) 5.0 & 108 12.9% 108 (4.5 * 10e 9.6% 104" 7.8 & TOS 
Sp. heat, cab/g./°C. or 
B.t.u./lb./°F. at room 
temperature 0.180 0,25 0,25 0.12 0,13 
Electrical conductivity, % 
of IACS" 3.1 30.3 18.5 2.3 3.5 
Electrical resistivity at 
20°C.: 
Ohms-cir. mil/It. 370 34.6 56.0 445 200 
Microhms-cm. 61 5.75 0.3 72 48.2 
Tensile modulus of elus- 
ticity, p.s.i. 15.6 X 108 10.4 *% 106 6.5 *& 108 28 105 26 *K 104 
Torsional modulus of clas- 
ticity, p.8.i 6.45 *% 108 3.8 K 105 2.4% 10° 12.5 * 10° 9.5 & 108 
Poisson’s ratio 0.34 0.33 0.34 0.30 





@ Tlexagonal close-packed. 

6 Face-centered cubic. 

© Body-centered cubic, 

4 International annealed copper standard (see Vol. 4, p. 429), 


Table VIT gives the mechanical properties of commercially pure titanium and 
Table VIII similar data for alloys. Physical properties are outlined in Table IX. 

Summarizing, the harder commercially pure grades of titanium are approxi- 
mately equal in strength-weight ratio to magnesium and aluminum alloys at room 
temperature. Titanium alloys are siguificantly better than other metals and alloys 
in both tension and compression. At temperatures of 300-700°F., titanium alloys 
become markedly superior to aluminum and magnesium alloys. Thus, an applica- 
tion field of tremendous significance exists in structures operating at intermediate 
temperatures where weight is an important consideration. This is shown by the com- 
parative data in Figure 4. 

Titanium exhibits unusual creep behavior. Normal time-deformation curves are 
obtained which show a relatively rapid initial rate of deformation which decreases to a 
minimum constant value during second stage creep. The minimum creep rate curve 
fails to follow yield strength, however, and at intermediate temperatures, stresses 
considerably above the yield strength must be imposed in order to produce appreci- 
able creep. On the other hand, near room temperature and above 700°F. appreciable 
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creep is observed at stresses below the yield strength. This behavior is in marked 


contrast (o the other structural metals. 


TABLE VILL Mechanical Properties of ‘Titanium Alloys. 














Nominat 
Commer- wv. Bend 
cial Nominal Nominal clonga- radius, 
desig- tensile yiek| tion, [% thick- Nominal 
nation® Form Condition stre nstth, ps... stre nth, psi. in 2 in. ness hardness & 
A-1L0AT Sheet Annealed 120,000 115,000 14 34 — 
HOM = Sheet Annealed 140,000 130, 000 12 1.5-3 
C-130AM Bar Annealed {40,000 130,000 10 —_ 
Forgings Annealed 140,000 130,000 10 — ‘ 
MST 2A 0.040 Annealed 140,000 — {4 _ RAGS 
27 sheel 
Cold-worked 180,000 — 6 — RA70 
37% Yo- 
duction 
Forgings JTot-forged 145,000 135,000 12 —_ RAGS 
80% te- 
duction 
MST 2.5 0.040 Annealed 135,000 125,000 10 — RAGS 
Fe-2.5V sheet 
Cold-worked 175,000 170,000 2 _ RAGS 
37% te- 
duction 
TPorgings THot-forgeel 130,000 105,000 12 oa RAGS 
80% re- 
duction 
Superior Tubing Annealed 85,000 max. 45-60,000 25--84 — RBI max. 
Tube Mall-hard 85—-100,000 65-80, 000 6-15 — RBS80--95 
Co. Hard 100-125 ,000 80--100,000 38-8 — RBOYO-RC25 
RS-110 _ Annealed 120, 000 110,000 12 min. — RC85 
min. min, 
RS-120 — Amnealed 130,000 120,000 10 min. — RC39 
min. min. 
Ti-150A Plate Annealed 140-165,000 120,000 12 min. — $li-864 BAHN 
min. 
Forgings Annealed 140-160,000 120,000 15 min. — 311-364 BEN 
and bars min. 
TE-I75A —- Plate Annealed 165-180,000 140,000 8 min. — 864-400 BILIN 
min. 
Forgings Annealed 160-180,000 140,000 10 min, — 364-400 BILIN 
and bars min, 








* A or O, Rem-Cru Titanium, Ine.; ae Republic Steel Corp.; MST, M: allory-Sharon 
Titanium Corp.; Ti, Titanium Metals Cor 
’ RA, Rockwell’A; RB, Rockwell B; Re, Rockwell C; BHN, Brinell, 


Commercially pure and alloyed titanium have good fatigue characteristies in 
both the smooth and notched condition. The ratio of notched to smooth endurance 
limits indicates no unusual notch sensitivity. Resistance bo corrosion fatigue in salt 
water is outstanding and commercially pure titanium is superior to alloys now used im 
such service. 

The hardness value for titanium is easy to obtain but difficult: to evalnate, This 
property is affected by many known and apparently several unknown factors which 
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TABLE IX. Nominal Physical Properties of Titanium Alloys. 





T her mal 











. conductivity Electrical Modulus of 
Commercial Densitx, Melting Bata. /4¢t.2) Coefficient of conductiv! ity, elasticity, 
designation _tb./ fC range, OR. _the. yer, i im, 1) expansion, oF. e, 1ACS& p.s.i. 

Comm, pure (). 163 3U85 105 5.0% 19-6 3. 15) & 108 
grades 

C-LLOM O17 2550 27-40 a — —_— £5.58 « 10F 
-130AM O.L7 2910-3090 oa —_— — 15.5 *K 10° 

MST 2Al-2 Ie 0.165 —_ — 5.4% 1075 1.5 17K 108 

MST 2.5 Fe- 0.167 —_ —_ 5.1% 1076 2.2 16 («108 
2.5V 

MST 3AL5Cr 0.166 _ — 5.0 x 1o78 1.2 iy x L084 

Ti-150A. 0.166 —_ 92-118 5.0 * Lov 3.0 1G X& 106 

Ti-150B —_ — 92--L18 5.0 *% 1075 —_ 16 & «108 

Ti-V75A _ _ )2-~LLS 5.0 X 107 3.0 16 108 

Superior Tube 0.163 — 110 5.0 & 1075 — 13.0-19.0 


Co. 106 


+ Aor ©, Rem-Cru Titanium, Inc.; IS, Republic Ste vel Cor D5 . MST, M: allory-Sharon ‘Titanium 
Corp.; Ti, Titanium Metals Corp. 
» International annealed copper standard. 
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Fig, 4. Strength-weight ratio of titanium-base alloys, 75ST aluminum, and stainless steel. 


are insignificant in other metals. For this reason, no reliable correlation between 
hardness and other physical properties exists at the present time.. 
Commercial Designations and Alloy Compositions. It has been proposed that 
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titanium metal products, both commercially pure and alloys, shall he designated by a 
prefix letter A, B, or C for alpha, beta, or combination-type alloys (see p. 206) (the 
B alloys are not commercially important, as of 1954), followed by tivo or three digits 
representing the yield strength in thousands of pounds per square inch. Jn the case 
of alloys, these digits are followed by letters designating the alloy agenty, Such, 
designations are used by Rem-Cru Titanium, Inc. Thus, C-130-AM refers to com- 
bination alpha-beta alloy, containing aluminum and manganese, having a yield 
strength of 130,000 p.s.i. 

Nominal compositions of some typical commercial titanium alloys, in terms of 
elements added to commercially pure titanium are shown below. (A or C, Rem-Cru 
Titanium, ‘Inc.; RS, Republic Steel Corp.; MST, Mallory-Sharon Titanium Corp.; 
Ti, Titanium Metals Corp.) 








Commercial Alloying Commercial ANoying 
designation clement, % designation clement, °% 
HS-110A 7 Mn MST 3AL-5Cr 3 Al, 5 Cr 

RS-120 7Mn A-IIOAT : 5 Al, 2.58n 

C-1 LOM. 8 Mn Ti-L50A 2.7 Or, 1.5 Fe 
C-130-AM. 4AL4Mn RS-110 3.5 Cr, 1.5 Fe 

RS-180 4AL4Mn RS-l40X 6 Al, 2.75 Cr, 1.25 Fe 


CORROSION RESISTANCH 

Considerable information is available on the corrosion resistance of unalloyed or 
commercially pure titanium. Alloys have been available for a limited period of time 
and comparable data have not been developed. The mechanism which gives titanium 
excellent corrosion resistance is believed to be the formation and maintenance of a 
tightly adhering oxide film. Stable films are formed in oxidizing systems, so that me- 
diums otherwise corrosive are frequently tolerated since they may contain oxidizing 
impurities, 

Titanium polarizes rapidly and as a result there is only limited current flow in 
galvanic and corrosion cells. This not only contributes to the metal’s resistance but in 
the combination of titanium aud dissimilar metals there is usually no harmful galvanic 
effect. In general, titanium corrodes uniformly and there is little or no evidence of 
pitting or other mechanism involving localized attack. It is not usually subject to 
stress corrosion, erosion, corrosion fatigue, or intergranular corrosion. 

Resistance to Inorganic Chemicals. Commercially pure titanium has excellent 
corrosion resistance to cold and hot chloride solutions, including cupric and ferric 
chloride, and also to sodium and calcium hypochlorite. No evidence of stress cor- 
rosion has been found m boiling solutions of inorganic chlorides, whereas the common 
structural metals usually fail in such service. 

Chlorine gas containing over 0.013% water has almost no effect on titanium, 
although the mctal will ignite under some conditions in dry chlorine atmospheres. 

Chromic acid (CrO; dissolved in water) has little effect on titanium although the 
metal is attacked by sulfuric and hydrochloric acids. It cannot be used in solutions 
containing over 3% hydrochloric acid unless oxidizing agents, such as nitrie acid, 
are present. The metal is rapidly attacked by hot or concentrated solutions of hydro- 
chioric acid, Similar behavior is exhibited in sulfuric acid, although anodizing greatly 
improved its resistance, 

Although the metal is corroded by all concentrations of hydrofluoric acid, it is 
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quite resistant to nitric acid, even at elevated temperature and pressure. For ex- 
ample, there was no measurable loss after six months’ exposure to 95% acid at 20- 
25°C. In addition, very low rates are obtained in red and white fuming nitric acid, 
although care must be exercised in the use of titanium in such applications. Stress 
corrosion occurs in red fuming nitric acid and explosive reactions may occur if the metal 
is highly stressed or cold worked. Special care should be exercised with manganese 
alloys, 

Titanium is fairly resistant to boiling solutions of phosphoric acid up to 5% and at 
room temperature up to 25%. Ammonium hydroxide (20%) at room temperature 
and boiling (10%) caustic show no evidence of attack. No appreciable corrosion was 
found in aqueous hydrogen sulfide, sulfur dioxide, or in molten sulfur. 

Resistance to Organic Chemicals and Food Products. Commercially pure 
titanium is unusually resistant to organic compounds; the only known exceptions are 
hot solutions of oxalic and trichloroacetic acids and boiling formic acid. Acetic acid in 
concentrations from 5 to 99.5% at temperatures of 100°C. has no significant efféct on 
titanium. Similar results are obtained in chloroacctic and dichloroacetic acids; 
however, titanium dissolves rapidly in trichloroacetic acid. Titanium is also rapidly 
attacked by all concentrations of hot oxalie acid and boiling nonaerated formic acid. 
To illustrate the important effect of oxygen, titanium is completely resistant to boiling 
formic acid if oxidizing agents are present. . 

In addition to acetic, citric, lactic, and stearic acids, titanium appears to have 
excellent resistance to other food products. For example, tests of several days’ 
duration showed no attack by coffee, tea, lard, vinegar, and the juice of onion, pine- 
apple, and grapefruit. 

Good resistance has been demonstrated in aniline hydrochloride, formaldehyde, 
carbon tetrachloride, chloroform, ethylene dichloride, tetrachloroethylene, and tetra- 
chloroethane. 

Resistance to Natural Environments. ‘Titanium was exposed to the action of 
sea wutev for approximately five years under all test conditions available at the Inter- 
national Nickel Company, Kure Beach and Harbor Island test stations. No sig- 
nificant attack was observed in any of these exposures. 

The metal is resistant to pitting and crevice corrosion in sea water which aré 
common sourees of failure with other materials. Fouling with marine growth occurs 
but living or dead organisms do not cause localized attack. Titanium also has ex- 
cellent resistance to the erosive effects of high-velocity sea water, After 60 days ro- 
tation at 30 feet per second, cast iron dissolved while titanium was unattacked. In 
sea, water, as in other mediums, titanium quickly polarizes to the potential of more 
anodic materials to which it is coupled. For example, when joined to 18-8 stainless 
stcel there was no adverse effect on the corrosion rate of the steel specimen although 
other relatively noble metals resulted in accelerated corrosion. 


Metallographic AHoy Types 


Titanium transforms from a hexagonal crystal structure to body-centered cubic 
at 880°C., and increasing amounts of the common alloying elements progressively raise 
or lower the transformation point. For example, large additions of chromium allow 
the body-centered cubic structure to exist below room temperature while aluminum 
raises the temperature at which the hexagonal phase is stable. Thus the metallurgist. 
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has three basic alloy types: alpha (hexagonal), beta (body-centered cubic), and mixed 
alpha-beta. ‘This is illustrated in the greatly simplified phasc diagram of Figure 5. 

Alpha-stabilizing elements include tin, aluminum, boron, carbon, oxygen, and 
nitrogen. These alloys undergo peritectoid reaction at high concentrations. Almost 
all of the remaining metals are beta stabilizers. Molybdenum, tantalum, niobium, 
and vanadium have very similar beta isomorphous diagrams; manganese, chromium, 
and iron all exhibit a cutectoid reaction, 


LIQUID 





% ALLOY COMPONENTS ——> 
Fig. 5. Generalized alloy phase diagram. 


Hach of the various alloy categories have certain general characteristics which 
are tabulated below. ‘Phere are important differences in temperature dependency 
betveen the various titanium alloys depending largely upon their basic crystal struc- 
ture. (See Table X.) 

Titanium in the hexagonal structure differs from magnesium, cadminm, and zine 
in that it exhibits more versatile plastic deformation. Slip in these more common 
hexagonal metals is generally limited to the densely packed hasal planes, whereas ti- 
tanium, having a lower axial ratio, is believed to slip on the prismatic and pyramidal 
planes as well as the basal plane. 

The body-centered-cubic beta structure is, of course, even more versatile in de- 
formation since four slip systems exist. For example, at any given strength level the 
bend dhctilities of beta alloys are always superior to alpha counterparts. Higher 
tomperatures are (has required in working alpha alloys. 

Tn the alpha-beta alloys the properties range belaveen the extremes of Lhe erystal 
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TABLE X. Comparison of Metallographic Types of Titanium Alloys. 





All-alpha Alloys 
cLdvantages 
L. Useful strength to almost, 1200°R, 
. Resistance to air contamination to 2000°R., thereby pernutting higher forging temperature. 
. No embrittling heat-treatment response. 
. Good weldability. 


ww 


Disadvantages 
1. Sheet bend ductility not as good as that of alpha-beta alloys; considerably poorer than that of 
beta alloys. 
2. Requires more power for hot, working than alpha-beta. 


Advantages 
1. Double the strength of unalloyed titanium. 
2. Good ductility, including bend. 
3. Forging, rolling, aud forming easier than alpha and than beta (beta has better bend ductility) 
4, Relatively simple to produce in quantity. 
5, Heat treatable to higher strengths. 


Disadvantages 


1, Heat treatment response (if not controlled results in loss of ductility), 
2. Poorer weld ductility than alpha. 
3. Temperature ceiling for useful strength about 800°F, 


Unstable Beta-Rich Alloys 





Advaniages 
1. Quenchahle to give medium strength with high ductility. 
2, Can be heat treated to higher streugth (with some loss in ductility) alter fabrication, 
3. Elevated temperature properties similar to alpha-beta alloys, 


Disadvantages 
1, Embrittled by 24-96 hours at 350-800°F, 
2. Control of composition critical, 
3. Restricted to parta that can be hest-treated after fabrication or parts that require little 
forming after heat treating. 





elduantages 
1. Mxcellent ductility in all forms (0.020 sheet will bend flat on itself), 
2. High strength useful to approximately (O00°R. 
3. Does not require heat treatment for high strength, 
A. No heat treatment response, 
Disadvantages 
1, Very sensitive to contamination during praduation. 
2. Sensitive to air contamination above 1300°F. 
3. High strength means greater springhack in forming. 
4. Relatively high content of strategic alloying materials. 





systems, The determining factor is the relative quantity of alpha to beta phase 
present. In an alpha-strengthened two-phase system, bend ductility is poor, whereas 
in a beta-strengthened alloy, bend ductility is always excellent. Ou the other hand, 
ilpha-strengthened systems have superior high temperature properties, 
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The microstructure of titanium is principally influenced by the allotropic trans- 
formation at 880°C, from the hexagonal to the body-centered-cubic crystal form. 
Worked and annealed commercially pure titanium has an equiaxed grain structure, 





A, UA Os “ 


fal 





Vig. 6. Typical microstructures of titanium alloys (X100). (@) Vorged commercial-purity-grade 
titanium. Coarse acicular alpha titanium structure formed by forging in the beta temperature 
range, (b) Unalloyed titanium metal, rolled and annealed at 1400°R. Kquiaxed alpha strueture. 
(ce) Alpha-beta titanium alloy (8% Mn). Alpha particles in beta matrix, plus dispersed carbides. 
Water-quenched from 1500°F., Beta banding apparent from chemical inhomogeneity. (d) Alpha- 
beta type titanium alloy (8% Mn), retained beta plus dispersed carbides. Water-quenched from 
1650°F. (e) Alpha titanium alloy (5% Al, rolled and annealed at 1600°I’. Equiaxed alpha struc- 
ture. (f) Weld structure in }4¢-in. titanium sheet produced from high-purity sponge. Coarse alpha 
titanium cast structure. Slight weld porosity apparent. 


Iron can cause small spheroids of retained beta in the microstructure, [ydrogen 
results in a rodlike precipitate of titanium hydride. Carbon above 0.2% usually 
Appears as gray spheroidal particles of titanium carbide. Quenching from above the 
transformation point results in an acicular structure which varies with the oxygen and 
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nitrogen content of the metal. Twinning occurs very easily and frequently obscures 
the true microstructure. Cold working produces the usual fibered structure with 
elongated grains. Typical microstructures are shown in Figure 6. 

Alpha alloys, including commercially pure metal, cannot be significantly strength- 
ened by heat treatment although the possibility of compound precipitation hardening 
exists. Beta alloys likewise cannot be usefully heat-treated. Alpha-beta alloys, 
to the contrary, are very responsive to quench hardening due to retention of varying 
amowuts of unstable high-temperature phases of beta origin, which subsequently 
transform to alpha. 

Sponge titanium metal produced by magnesium reduction of titanium tetra- 
chloride usually contains about 99.5% titanium. Table NI shows the common con- 
taminants in order of decreasing amount. 


TABLE XI. Typical Analysis of Commercial Sponge. 








Element. Range, wt. C6 Nominal level wl, %, 
Titanium 90.2 —99.8 99.5 
Tron 0.1 = 0.50 0.25 
Oxygen 0.05 - 0.20 0.10 
Chlorine 0.902 —- 0.15 0.08 
Magnesium 0 Ol - 0.10 0.05 
Nitrogen 0.005- 0.05 0.08 
Carbon 0.01 - 0.05 0.03 
Manganese 0.01 - 0.10 0,03 
Tin 0.01 - 0.05 0.02 
Silicon 0.01 - 0.05 0.01 
Aluminum 0.01 - 0.05 0.0! 
Hydrogen 0.001- 0.10 0.00-4 





Oxygen is a powerful alpha strengihener and has found sume limited use as au 
alloying agent, although it loses strength rapidly at higher temperatures. In general, 
it is an undesirable contaminant possibly intensifying notch sensitivity, and should 
be held to as low a level as practical. There is no known method for its removal from 
titanium, in which it dissolves interstitially without precipitation. The sources of 
oxygen are raw materials, equipment leaks, water vapor, and atmospheric oxygen. 
Analytical determination is difficult and vacuum fusion with carbon is the only re- 
liable technique. 

Nitrogen is an even more powerful alpha strengthener, but its adverse effect on 
ductility has prevented even limited use in alloying. Like oxygen, there is no prac- 
ticable method for its removal. It dissolves interstitially and results primarily from 
equipment leakage. 

Carbon also dissolves interstitially but precipitates as titanium carbide above 
about 0.2% in alpha-titantum. This element occurs in limited quantities in the raw 
materials and is quantitatively absorbed by the titanium. ; 

Hydrogen, a beta stabilizer, dissolves interstitially but can be removed by vacuum 
at elevated temperature. It is undesirable because of its adverse effect on toughness. 
Alpha alloys cannot tolerate above 50 p.p.m. hydrogen and alpha-heta systems should 
be held to less than 100 p.p,m. , 

Magnesium and magnesium chloride remain in small quantities after vacuum dis- 
tillation. These elements volatilize during melting and their importance is related to 
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splattering of the molten pool. In permanent electrode furnaces, they must be held 
to a low level to prevent excessive solution of the carbon or tungsten cathode. Con- 
stumable electrode furnaces eliminate this particular problem, although both magne- 
sium and magnesium chloride cau contribute to poor wall surface and thence yield loss. 
Magnesium is by far the most important on a weight per cent basis hecause of its low 
molecular weight and low boiling point relative to magnesium chloride. 

Manganese, tin, silicon, and aluminum occur in the raw materials and at the indi- 
cated nominal level have no known adverse effects. 


Health and Safety Precautions 


The chemical inertness of titanium and its oxide is well known, Thousands of 
tous of titanium dioxide pigment have been produced and utilized without evidence 
of ill effects. 

Injection tests of titanium powder have shown only inert body irritation. In- 
gestion has given no pathological symptoms. Wrought metal actually has been used 
in hone surgery because of its inertness and the faet that living tissue will attach to it, 

Titanium powder, like other metal powders, is highly pyrophoric. Adequate 
ventilation and lubricants should be provided during sawing, grinding, or polishing. 
The characteristic intense white spark ending in a fiery burst which occurs when ti- 
tanium is brought in contact with a grinding wheel has become a means of identifica- 
tion. Massive forms are resistant to ignition and will not burn unless heat is econtin- 
uously supplied to maintain combustion. Liquid titanium burns in air and fire con- 
trol is similar to that for magnesium. Dry sund, inert gas, and/or flux may be em- 
ployed. Water and carbon dioxide may do more harm than good. 


Applications 


Owing to limited supply the present applications of titanium are almost completely 
for the military, particularly in jet aircraft. Its use pattern is a funetion of a unique 
combination of preperties, namely, light weight, high strength, and good corrosion 
resistance. At intermediate temperatures, titanium offers weight savings over both 
alloy steel and alloy aluminum. 

Manufacturers of both airframes and aircraft power plants predict a growing 
application for titanium alloys in components exposed to the temperature range of 
0-t50°C. A few of the items eurrently under evaluation by the airframe producers 
are skin, fire walls, landing-gear components, hydraulie tubing, exhaust shrouds, oil 
and fuel tanks, nacelle structures, fasteners, and engine supports. In gas turbine 
power plauts, compressor disks, compressor blades, compressor lousings, retaining 
tings, and fasteners are being fabricated. As a single example, titanium has found 
extensive use in North American’s F-100, the Super Sabre. 

Although only limited data are available, it has been reported that titanium alloy’s 
resistance to ballistic penetration is greater than conventional armor plate of equal 
weight. This obviously has broad military significance. 

Other applications of the favorable strength-weight ratio may be found where 
power loss through momentum is involved. Reciprocating equipment, steam tur- 
bines, gas turbines, textile machinery, and diesel engines are potential fields of applica- 
tion. 

The excellent corrosion resistance of titanium can be applied in the chemical and 
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allied industries. In many cases full-scale equipment tests are under way on auto- 
claves, heat exchangers, agitators, and lined tanks. Complex organic acid solutions 
encountered in food processing require very resistant materials and titanium has shown 
promise. Inertness toward sulfur, sulfur compounds, and saline solutions indicates 
a place in the petroleum industry. 

At a low price its marine applications would be unlimited. Future applications 
are forecast in heat exchangers, propellers, shafting, deck hardware, underwater 
mufflers, and all types of pumps, valves, and metering devices. 

The prowing military demand for titanium has prevented evaluation of the civil- 
ian market although a few applications have developed. Titanium’s tendency to 
polarize rapidly in 15% sulfuric acid and fluoboric acid has led to its evaluation as a 
rack material in anodizing aluminum. Douglas Aircraft was the first to use the metal 
in a commercial airliner. The DC-7 superliner utilizes titanium in the engine nacelles 
and fire walls. This very limited substitution for aluminum and stainless steel will 
result in a weight savings of about 200. lb. per plane. 

It must be emphasized that the potential of titanium can be realized only when it is 
designed into the initial unit. In aircraft, for example, substitution of titanium for 
stainless steel saves less than 14 Ib. per pound used. If, on the other hand, titanium 
is designed originally into the plane, savings in wing surface, fuel, power, etc., can easily 
result in an overall effect. of 5 lb. per pound of application, 

There are two additional fields that do not involve its use ag a material of eon- 
struction. The growing demand for purer alloying agents in ferrous and nonferrous 
alloys had led to its use as a substitute for ferrotitanium and related master alloys. 
Here chemical purity is the major factor and there is some evidence that alloys pre- 
pared with high-purity titanium are cleaner and freer {rom impurities than those pre- 
pared with more conventional addition agents. The second nonstructural application 
is in pyrophoric firiug mixtures for various ordnance items. The high stability of 
titanium powder in moist air is the basis of this use. 

The future of titanium is unalterably tied to its selling price. Major reductions 
in the selling price of sponge and mil products are essential to establishment of a ton- 
nage civilian market. At a base price for mill products of $3-5 per pound, a market 
of 10,000-20,000 anual tons has been forecast; at $1.50 per pound titanium may ap- 
proximate the current consumption of stainless steel. Present prices (1954) for mill 
products range from $10 to $20 per pound. Reductions have been made in the selling 
price of both sponge and mill products and a gradual downward trend is predicted. 
Considering that the metal was first offered for commercial sale in late 1948, progress 
has been astounding. 
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INORGANIC TITANIUM COMPOUNDS 


From its position in group IVa of the periodic table, titanium might he expected 
to exhibit a valence number of +4 (titanic) in most of its compounds. However, it 
also forms stable compounds in which it has valence numbers of +3 (titanous) and 
+2, and stable solutions of peroxy type compounds (see Vol. 10, p. 49). This be- 
havior is typical of the transition elements of which group titanium is a member. 
The grouping TiO in compounds such as TiOSO, is usually called titanyl, but the exist- 
ence of a TiO?+ jon is doubtful. 

One of the most characteristic properties of quadrivalent titanium compounds is 
the ability of their acid and aqueous solutions to undergo hydrolysis to yield hydrous 
titanium oxide. By adjustment of acidity, concentration, and other factors, hydroly- 
sis may be readily controlled to produce hydrolyzates of desirable physical properties. 
This controlled hydrolysis from titanium — iron sulfate solution, prepared by treating 
ilmenite ore with sulfuric acid, forms the basis of the titanium dioxide pigment indus- 
ry. 

Another characteristic of titanium compoinds, whith is also shared by other 
multivalent elements, is the ability of intermediate valence stages to disproportionate 
into higher- and lower-valent forms. Reduced titanium halides have been prepared 
by this procedure, and it has been suggested as a method for preparing titanium metal. 

The two most common starting materials for preparing inorganic titanium com- 
pounds are titanium tetrachloride and titanium sulfate. Titanium tetrachloride 
is produced in quantity by chlorinating ilmenite or rutile ores, whereas titanium sulfate 
is obtained by treating hydrous titanium oxide with concentrated sulfurie acid. 
Titanitm sulfate solution containing iron and other impurities is an important inter- 
mediate in- the industrial production of titanium dioxide pigments from ilmenite. 
Large quantities of this solution are available for producing inorgante titanium com- 
pounds. 

Bibliographies and detailed information on titanium and its compounds are 
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given by Barksdale (1), Gmelin (12), Du Mont, (7), and Skinner, Johnston, and Beckett 
(25), 


Titanium Borides. 


Titanium monoboride, ViB, formula weight 58.72, is prepared by heating equi- 
molar amounts of titanium and boron powders. Lt has a face-centered cubic structure 
of the NaCl-type, where a9 = 4.26 A, Its electrical resistivity is 40 microhm-cm. 
An orthorhombic form of the FeB-type, wit cell dimensions a = 6.12, bo = 3.06 and 
6 = 4,56 A, is also reported. 

Titanivin diboride, TiB:, formula weight 69.54, is a gray, ervstalline solid. The 
structure is simple hexagonal of the AlBe-type. Cell dimensions are a) = 3.028 and 

= 3.228 A, corresponding to a theoretical density of -+1.52 g./eu.em. The compound 
melts at approximately 2790°C., and has a Vicker’s hardness of 8400 kg./sq.mm. 
(100 g. load). Its electrical resistivity is 15.5 microhm-cm. at room temperature. 
It is not visibly attacked by cold, concentrated hydrochloric or sulfurie acids, but dis- 
solves slowly at boiling temperatures. It is rapidly dissolved by hot, concentrated 
nitrie acid and aqua regia. The diboride can be made by treating titanium metal 
powder with boron powder in a vacuum or by treating titanium hydride with boron 
powder in the atmosphere of the liberated hydrogen. 16 is used with metal binders for 
high-temperature applications where high-temporature strength and. resistance to 
oxidation are neeessary. Beeause of its hardness, it is a potential substitute for dia- 
mond dust in cutting and grinding applications. 

A tetragonal dititamium monoboride, TB, and a hexagonal dititanium penta- 
boride, TBs, have been reported (24). 


Titanium Carbide. 


Titanium carbide, TiC, formula weight 59.91, is a gray, metallic solid with a face- 
centered cubic structure of the NaCltype. It has a lattice constant of 4.329 A., which 
corresponds to a theoretical density of 4.90 g./eu.cm. The compound melts at 
3250°C., and has a Vicker’s hardness of 8200 kg./sq.mm. (100 g. load). Its electrical 
resistivity is 70 microhm-cm. at room temperature. It shows no apparent reaction 
with cold, concentrated hydrochloric or sulfuric acid, but is slowly dissolved on heat- 
ing. Itisreaclily attacked by hot, concentrated nitric acid and aqua regia. 

Titanium carbide can be prepared by reducing titanium dioxide with carbon at 
high temperatures in a vacuum or protective atmosphere; also by the reaction of 
titanium with carbon in a molten metal solution such as iron or nickel, Its principal 
use is as a hard component for cutting tools and for applications where high-tempera- 
ture strength is needed. 


Titanium Carbonitride. 


A titanium carbonitride having the composition TisCN, has been prepared by the 
reduction of titanium dioxide with carbon in the presence of nitrogen. ‘The composi- 
tion of the carbonitride can be varied depending upon the composition of the titanium 
dioxide - carbon mixture, the nitriding gas employed, and the temperature used. 
The carbonitride is used principally as a source material for the preparation of titanium 
tetrachloride by direct chlorination, 
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Titanium Halides. 


Titanium dichloride, ‘TiC, formula weight. 118.82, forms black, hexagonal 
erystals having a density of 3.13. [t does not. sublime on heating in vacuum to 
temperatures as high as 600°C, but above this temperatare it gradually decomposes to 
titanium metal and titanium tetrachloride. If oxidizes rapidly in moist air to ti- 
tanium dioxide and hydrogen chloride and reacts with water, liberating hydrogen and 
forming a solution of titanium trichloride. Titanium dichloride may be prepared by 
the disproportionation of titanium trichloride at about 475°C. in a vacuum. Where 
titanium metal is available, it may be prepared conveniently by treating the metal 
with titanium tetrachloride at about 900°C. 

Titanium trichloride (titanous chloride), TiCl;, formula weight 154.28, forms dark 
purple, hexagonal crystals, sp.gr. 2.66. Timay be sublimed at about, 425°C. in vaeuum 
but at higher temperatures it decomposes to titanium tetrachloride and titanium 
dichloride, which remaius behind as a residue. In moist air, it is oxidized rapidly to 
titanium dioxide and hydrogen chloride, hut in water, purple solutions are formed, 
which are stable when kept in an oxygen-free atmosphere. Titanium trichloride may 
be prepared readily by the reduction of titanium tetrachloride with hydrogen at ele- 

rated temperatures. The trichloride is formed on a cooled tube projecting into the 
reaction mixture. Titanium, ot the alkali or alkaline earth metals may also be used 
for reducing agents. 

Titanium trichloride hexahydrate, TiCl;.6H20, may be crystallized from aqueous 
titanium trichloride solution and has heen of some commercial interest as a reducing 
agent. There is no commercial interest in the anhydrous product. The hexahydrate 
has the advantage over the anhydrous salt in being prepared rather easily on a large 
scale. Thus, aqueous titanium tetrachloride solutions may he reduced electrolytically 
until practically all of the titanium is in the trivalent state, the solution concentrated 
by evaporation, and the hexahvdrate crystals separated fiom the mother liquor by 
filtration or centrifuging. 

Titanium tetrachloride, TiC,, formula weight 189.73, is a clear, colorless liquid, 
f.p, —24.8°C., b.p. 135.8°C., d% 1.719. It dissolves in water to form clear solutions 
that are hydrolyzed readily to yield a series of basic chlorides, Ti(OH)Cl,, T1(0H) Cla, 
Ti(OH),Cl, and finally hydrous titanium oxide, TiO,.2H,0. It is readily reduced by 
hydrogen, alkali metals, or allcaline earth metals to lower chlorides, and in some cases 
to the free metal. It forms addition compounds with ammonia, hydrogen sulfide, 
phosphorus trichloride, hydrogen cyanide, and various organic compounds. It also 
reacts with certain organic compounds, for example with alcohols to form titanium 
esters. 

Titanium tetrachloride is prepared commercially by the chlorination of mixtures 
of carbon and titanium dioxide or by the chlorination of titanium carbonitride. The 
raw material for the titanium dioxide chlorination feed may he a rutile ore of high 
titanium dioxide content, while the carbonitride may be dertved from technical-grade 
titanium dioxide, which itself has been produced from ilmenite ore. The crude ti- 
tanium tetrachloride obtained by chlorination must be purified further by treatment 
and distillation, particularly te remove small amounts of impurities such as vanadium 
tetrachloride and ferric chloride. 

Titanium tetrachloride is the most important titanium halide. Its chief use is as 
astarting material in the commercial production of titanium metal, but small amounts 
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are also used for producing smoke screens and for skywriting. It has been used as a 
starting material for titanium dioxide pigments prepared both by hydrolysis from aque- 
ous solution and by vapor-phase oxidation, but these methods are of little significance 
compared to the commercial method of production from titanium sulfate solution, 
Small quantities of titanium tetrachloride are also used in producing rutile gem stones 
and titanium organic compounds, 

Chlorottianales (hexachlorotitanates7V)), MyTiCh, of cesium and rubidium 
are known. 

Titanium dibromide, TiBro, formula weight 207.74, is a deep black powder, sp.gr. 
4.31. It does not sublime at 400°C., but it begins to decompose into titanium metal 
and titanium tetrabromide at about 500°C. In air it oxidizes rapidly and in water it 
liberates hydrogen. Titanium dibromide may be prepared by the careful addition 
of bromine to titanium metal or by the disproportionation of titanium tribromide at 
400°C. 

Titanium tribromide, TiBr:;, formula weight 287.66, is a bluc-black crystalline 
powder which occurs in two crystallographic forms: hexagonal and a form which is 
either hexagonal, tetragonal, or orthorhombic. At temperatures below about 400°C, 
titanium tribromide may be sublimed, but above this temperature, it decomposes into 
titanium tetrabromide and titanium dibromide. It oxidizes rapidly in air to titanium 
dioxide, but forms stable dark-violet aqueous solutions. 

As with titanium trichloride, the tribromide also may be prepared by hydrogen 
reduction of titanium tetrabromide using a cold tube to freeze out the product. 
Other reducing agents such as titanium or the alkali metals or alkaline earth metals 
also may be used. 

Titanium. tribromide hexahydrate, TiBr,.6H.O, may be obtained as reddish-violet 
erystals from aqueous titanium tribromide solution by evaporating and cooling. It is 
most easily prepared by reducing tetrabromide solutions electrolytically until all of the 
titanium is in the trivalent state and then proceeding as above. 

Titanium tetrabromide, TiBr,, formula weight 367.56, is a lemon-yellow, deli- 
quescent, crystalline powder. It belongs to the cubic system; m.p. 38.2°C., b.p. 
230°C., sp.gr. 3.25. It reacts with cold water, forming solutions containing titanium 
oxybromide and hydrobromic acid, but readily undergoes hydrolysis in hot solutions 
to form hydrous titanium oxide. Basic salts corresponding to the formulas Ti(OH):- 
Br. and Ti(OH)s;Br have been reported. As with titanium tetrachloride it may be 
reduced to lower halides by hydrogen or metals of the alkali or alkaline earth groups. 
Addition compounds are also formed with ammonia, hydrogen sulfide, phosphorus 
trichloride, hydrogen cyanide, and certain organic compounds. 

Titanium tetrabromide may be prepared by the bromination of titanium carbo- 
nitride or titantum dioxide — carbon mixtures. It also may be prepared by treating 
titanium tetrachloride with hydrogen bromide and gradually increasing the tempera- 
ture until titanium tetrabromide is distilled out. This salt has been used as a start- 
ing material for producing titanium metal, but appears to be of little commercial im-~ 
portance at present. 

Titanium diiodide, Tils, formula weight 301.72, crystallizes as black, shining 
platelets. It appears to be dimorphous, but only the erystal structure of the hexag- 
onal modification has been determined. Its density is 4.3. It does not sublime in 
vacuum at temperatures as high as 450°C., but at higher temperatures it both sub- 
' limes and decomposes to titanium metal and titanium tetraiodide. In air it is very 
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hygroscopic and oxidizes rapidly, while it reacts strongly with water to produce 
hydrogen. 

Titanium diiodide is prepared by reacting titanium metal with iodine and heating 
the mixture to 440°C. to remove the tri- and tetraiodides. It also may be prepared 
by reducing titanium tetraiodide with silver or mereury. Except for its occurrence as 
an intermediate in the preparation of very pure titanium metal, titanium «iodide is 
not of commercial importance. 

Titanium triiodide, Til, formula weight 428.63, forms violet-black, needle-like 
erystals with a metallic sheen. It does not sublime when heated in vacuum to 300°C., 
but at about 350°C. it begins to decompose into titanium diiodide and titanium tetra- 
iodide. It dissolves in water to form stable solutions. ‘Titanium triiodide may be 
prepared by direct reaction of the elements under carefully controlled conctitions. 
The hexahydrate may be prepared by electrolytically reducing an aqueous solution of 
titanium tetraiodide, evaporating, cooling, and separating the resultant erystals. 
Tt oxidizes rapidly in air. 

Titanium tetraiodide, Til,, formula weight 555.54, forms reddish-brown, octa- 
hedral erystals in the cubic system, m.p. 150°C., b.p. 877°C., sp.gr. 4.40. It fumes in 
air and is converted rapidly to titanium dioxide. I+ dissolves in water to form solu- 
tions that are readily hydrolyzed to basic salts and finally to hydrous titanium oxide 
and hydriodic acid. Addition compounds are formed with a few organic compounds. 

Titanium tetraiodide may be prepared by treating titanium metal with iodine 
under carefully controlled conditions. It also may be prepared by treating liquid 
titanium tetrachloride with hydrogen ioclide and gradually increasing the mixture tem- 
perature until titanium tetraiodide is distilled out. It has no commercial importance 
as a, chemical product but is an important intermediate in the preparation of very 
pure titanium metal from crude metal. 

Titanium difluoride, TiF., formula weight 85.90, dark purple, prismatic crystals, 
is said to have been prepared by heating potassium fluotitanate in hydrogen. Its 
existence has not been established with certainty. 

Titanium trifluoride, TiF;, formula weight 104.90, forms deep purple crystals 
which are soluble in water. It may be prepared by reducing the tetrafluoride with 
alkali metals or alkaline earth metals. 

Titanium tetrafluoride, TiF,, formula weight 123.90, is a white hygroscopic 
powder, sp.gr. 2.798. When heated it sublimes. Its boiling point has been calculated 
to he 284°C. It is soluble in water, from which a dihydrate may be obtained by evapo- 
ration. The most convenient method of preparation is by treating liquid titanium 
tetrachloride with anhydrous, liquid hydrogen fluoride. Hydrogen chloride is evolved 
and, upon distilling the mixture, titanium tetrafluoride is obtained as a high-boiling 
fraction, 

Potassium fluotitanate (potassium hexafluotitanate(IV)), K.Tils, formula 
weight 240.10, forms small, highly reflecting, rhombohedral crystals; m.p. 780°C., 
sp.gr. 3.012. On heating in air above 500°C., it is gradually oxidized to titanium 
dioxide and potassium fluoride. It is moderately soluble in hot water and, upon cool- 
ing, the monohydrate, K:TiF;.H.0, crystallizes out. 

Potassium fluotitanate may be prepared by dissolving titanium dioxide in hydro- 
fluoric acid, adding potassium fluoride, cooling, crystallizing, and filtering to obtain 
the monohydrate, This may be easily dehydrated by heating above 100°C. Po- 
tassium fluotitanate is used as a grain-refining agent for aluminum, as a gelling agent 
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for rubber, and has been suggested as a starting material for the preparation of ti- 
tanium metal hy fused salt electrolysis. 


Titanium Hydrides. 


Titanium hydride is « metallic-appearing powder of variable chemical composition. 
It exhibits two solid-solution phases of hydrogen in titanium, at e~phase poor in hydro- 
gen and « 6-phase rich in hydrogen. The existence range of each phase depends on 
pressure and temperature. In general the a-phase is stable at higher temperatures 
over 2 wide pressure range, whereas the S-phase is stable at lower temperatures and 
high pressures. Both phases may coexist over a limited pressure-temperatire range 
(12,16,17). X-ray diffraction studies of titanium hydride preparations have shown 
that the e-phase is hexagonal and the $-phase face-centered cubic. There is some 
evidence that well-defined compounds such as TiH and Tif, exist, particularly the 
former, but these have not been well substantiated (9,10). 

Small amounts of hydrogen dissolved in titanium metal do not change its density 
appreciably. However, a composition corresponding to Til has a density of 3.91 
which is considerably less than that of pure titantum metal (density 4.52). Hydrogen 
absorption in titanium metal is a reversible phenomenon; low temperatures and high 
pressures favor the absorption of large amounts of hydrogen. Substantially all of the 
hydrogen may be removed from titanium hydride by heating in vacuum at 600°C. (14). 
In air, titanium hydride is not hygroscopic and is stable, but when heated to 800°C. it 
burns with a great evolution of heat. 

Titanium hydride may be prepared by heating titaniunl metal powder with 
hydrogen. The composition depends on the pressure and temperature. It may also 
be prepared by treating titanium dioxide with ealetum hydride or titanium tetra- 
chloride with sodium hydride. It has found some application in the welding industry, 
as a flux for the preparation of ceramic or glass-to-metal seals, and for introducing 
titanium metal into alloys where a protective atmosphere is necessary. Its use has 
been proposed for titanizing copper, nickel and iron plates to impart a hard coating of 
a titamium-copper alloy, Iron and nickel are coated with copper before titanizing. 


Titanium Nitrate. 


Titanium nitrate is probably formed by dissolving lydrous titanium oxide or 
titanates in nitric acid. On evaporation, a plate-like basic salt, 5TiO.. N2Og.GH20, 
is formed. 


Titanium Nitrides. 


Titanium mononitride, TiN, formula weight 61.91, is a bronze-yellow solid. Its 
crystal structure is face-centered cubic, NaCl-type. The lattice constant is 4.235 A., 
corresponding to a theoretical density of 5.43 g./cu.cm. Tt melts at 2950°C., and has 
an electrical resistivity of 21.7 microhm-cm, at room temperature. A Knoop hardness 
of 1770 kg./sy.mm. (100 g. loacl) has been reported. JTts molal entropy at 298.16°K. 
is 7.20 e.u./mole. The material is not readily attacked by hydrochloric, nitric, or 
sulfurie acid, but is dissolved by aqua regia. Titanium mononitride can be prepared 
by roasting titanium metal with pure nitrogen, Tt has no important uses at present. 

Other titanium nitrides correspouding to the compositions TisNa, ‘TigNs, ancl TisN5 
have been reported. 
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Titanium Oxides. 


Titanium monoxide, TiO, formula weight 63.90, is a light-bronzc solid. Tt has a 
face-centered eubie structure, NaCl-type, and a lattice constant of 4.176 A. which 
corresponds to a theoretical density of 5.8 g./eu.cm. It melts at 1760°C., and has a 
Vickers hardness (5 kg. load) of approximately 1300 kg./sy.mm. The electrical re- 
sistivity is 800 microhm-em. at 20°C. Titanium monoxide is slowly attacked by 
hot, concentrated hydrochloric, sulfuric, and nitric acids; it is dissolved by hot, eon- 
centrated hydrofluoric acid. Titanium monoxide ean be prepared by roasting ti- 
tanium metal with titanium dioxide (5,8). 

Titanium sesquioxide, Ti,0, formula weight 143.80, is a dark-violet solid. The 
compould is hexagonal, corundum-type, with lattice constants of ay = 5.14 aud ce = 
18.61 A. A pycnometer density of 4.48 g./eu.em. and a melting point of 1900°C. 
have been reported. Titanium sesquioxide iy only slightly attacked by hot, concen- 
trated sulfurie acid, but is readily dissolved by hot, concentrated hydrofluoric acid. 
It can be prepared by roasting titanium metal with titanium dioxide. It has no im- 
portant uses at present. 

Trititanium pentoxide (titanium tritapentoxide, anosovite), Ti;Os, formula 
weight 223.70, is a bluish-black solid having a metallic luster. The compound erystal- 
lizes in the orthorhombic system, with unit cell constants of ay = 3.747, by = 9.465, 
and ¢y = 9.715 A., which give a calculated density of 4.29 g./cu.em. The melting 
point of a composition close to Tiz05 has heen reported as 1857°C. — 1t exn be prepared 
by roasting titanium metal with titanium dioxide or by reduction of titanium dioxide 
with hydrogen or carbon monoxide at 700-1100°C. It has no important uses at 
present. 

The specific heats of TiO, TisOs, aud TigOs have been measured between 52 and 
298°KK. and the molal entropies computed to be 8.31, 18.83, and 30.92 ¢.u./mole, 
respectively. The heat contents above 298.16°IX. have been measured, and the 
specific heat equations developed. These three oxides exhibit transition points at 
1224 + 10°, 473 + 20°, and about 440° IX.,, respectively. 

Titanium Dioxides, Hydrous Titanium Oxides, and Titanates. Titanium dioxide 
(titania), TiO, formula weight 79.90, exists in three forms: anatase (octahedrite), 
brookite, and rutile. Anatase is tetragonal, uniaxial negative, « = 2.498, w = 2.554; 
the unit cell contains four TiO. molecules and has a volume of 136.1 A’. Rutile, tetrag- 
onal, is isomeric but not isomorphous with anatase; uniaxial positive, ¢ = 2.903, « = 
2.616; the unit cell has two TiO, units and a volume of 62.4 A’. Brookdie is ortho- 
rhombic, biaxial positive, 2V = 30° for sodium light, 0° for yellow green, dispersion 
very strong, ng = 2.583, ng = 2.586, n, = 2.741. Figure l shows the crystal unit cells 
of anatase and rutile. Anatase and rutile cau best be distinguished by x-ray diffrae- 
tion methods; x-ray data are recorded in reference (26), X-ray spectrometric 
tracings showing the intensity of diffraction for anatase and rutile at different angles 
are given in reference (28). 

Anatase and brookite are apparently monotropic forms and ¢an be changed to 
the stable rutile at a rate which increases with the temperature. For the natural 
minerals in the absence of mineralizers, Schroeder (28a) found that brookite was 
changed Lo rutile above 650°C., while anatase inverted to rutile at 915 + 15°. How- 
ever, in the presence of suitable fluxes Bunting (5a) found that anatase and brookite 
converted to rutile at much lower temperatures (400-500°C.) than those reported by 
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Schroeder, Artificially prepared anatase products are known that convert to rutile 
as low as 100-300°C. (20). 

While the three crystal forms of titanium dioxide are found in nature, only ana- 
tase and rutile are produced commercially. T’ormation of the particular crystal species 
is controlled in the manufacturing process. 





RUTILE ANATASE 
01234 5A 
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Fig. 1. Crystal unit eells of analase and rutile. 


Anatase and rutile are characterized by high indexes of refraction, which account 
for their high opacity and hiding power relative to other white pigments. JFurther- 
more, titanium dioxide is extremely stable at ordinary temperatures. It is relatively 
insoluble in water, organic acids, dilute alkalies, and in most inorganic acids. Only 
hot concentrated sulfuric or hydrofluoric acid will dissolve titanium dioxide. It is 
unaffected by gases, particularly those found in the atmosphere, but under certain 
conditions and in the presence of organic matter, it is converted to lower oxides. The 
reduced oxides are also formed by treating titanium dioxide with reducing gases (hy- 
drogen, carbon monoxide, etc. at moderately high temperatures (600-900°C.)). 
Titanium dioxide reacts with carbon and nitrogen at elevated temperatures to form 
carbides, nitrides, and carbonitrides. It also reacts with other metal oxides to form 
so-called titanates (see p. 231). 

Some physical properties of titanium dioxide are shown in Table E. 


TABLE IL. Some Physical Properties of Titanium Dioxide. 








Property Anatase Rutile Brookite 





Crystal system Tetragonal Tetragonal Orthovhombic 
M.p., °C, —~ 1825 — 
Sp.gr. 3.90 4.27 4.138 
np 2,52 2,72 2,638 
Mohs’ hardness 5.5-6.0 7.0-~7,5 §.5-6.0 
Specific heat, eal. /(°C, \(g.) at 298°K, 0.169 0.169 _> 
Mean dielectric constant 48 114. 78° 
Electrical conductivity, in air, mho/em. 

At room temperature _ 10713. Q 14 — 

At 500°C, 5.5 X 10-5 —_ — 

At 1200°C, _— 0.12 — 





« Direction of a axis. 
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Hydrous titanium oxides are amorphous masses, as shown by x-ray analysis, having 
the empirical formula TiO,.¢H,O, where x, the number of molecules of bound water, 
varies over wide limits depending on the method of preparation. Although this for- 
mula represents hydrous titanium oxide as a hydrated oxide, another system of nomen- 
clature is in common use which classifies the hydrous oxices as either ortho- or meta- 
titanie acids. The term orthotitanic acid is used to designate those hydrous titanium 
oxides that are highly hydrated and energy-rich, and contain two or more moles of 
water per mole of titanium dioxide. The term metatitanic acid is reserved for those 
hydrates that are less energy-rich and contuin approximately one mole of water per 
mole of titanium dioxide (1,12). 

Orthotitanic acid may be prepared by the direct addition of alkali to titantum chlo- 
ride or titanyl sulfate solution. The resultant precipitate may he removed by filtra- 
tion, washed, and dried. Other titanium salt solutions may also be used as starting 
materials, but are not so readily available as the chloride and sulfate. 

Metatianic acid may be readily prepared by heating dilute, aqueous solutions of 
titanium tetrachloride or titanyl sulfate. The metatitanic acid is precipitated as a 
gelatinous material which may be separated by filtration from the hydrolysis liquor, 
washed, and dried. 

Hydrous titanium oxide is soluble in concentrated sulfuric acid or hydrofluoric 
acid, but is not appreciably soluble in other inorganic acids. It may, however, be 
readily peptized by monobasic acids provided that it is sufficiently free of entrapped 
sults or polyvalent ions (sulfates) from the hydrolysis liquor. It is not soluble in al- 
kalies but does undergo changes in hydration and other physical properties when thus 
treated. 

For inorganic titanates sce p. 231; for organic titanates see p. 238. 


Manufacture of Titanium Dioxide 


Titanium dioxide pigments are produced as titanium «lioxide or as composites in 
combination with either 70 or 50% calcium sulfate and are used extensively in paints, 
paper, plastics, rubber, ceramics, porcelain enamels, and other applications. The 
distribution of titanium pigment shipments in 1953 for consumption in industry (18) 
showed that 58.8% (titanium dioxide content) was used in paints, vamishes, and 
lacquers; 14.1% in paper; 5.49% in floor covering; 4.5% in rubber; 2.6% in coated 
fabrics and textiles; 1.6% in printing inks; and 13.0% in other industries. (See 
Paint; Pigments.) Titanium dioxide also has nonpigmentary uses (see p. 230). 


SOURCE MATIRIALS 


The most important titanium ores are naturally occurring rutile (TiO,) and il- 
menite. Ilmenite deposits are found as black beach sands and in massive rock forma- 
tions usually associated with hematite or magnetite. These ores are classed as ilmenite- 
hematites and titaniferous magnetite. Other less important ores are sphene (calcium 
titanium silicate) and perovskite (calcium titanate}. In addition, titanium is often 
found in fairly large quantities in bauxite and may be recovered as a by-product in 
the production of alumina (11). 

Rutile deposits of commercial importance are found in Florida, Quebec, Norway, 
and Australia. The ore, after suitable beneficiation to remove siliceous material, 
zircon, etc., analyzes about 94-96% TiO:, the balance being chiefly iron oxide. 





222 TITANIUM COMPOUNDS 
TABLE II. Analysis of IImenites, 
: ——— ne Yadkin 7 
Valley, 
Maelntyre, : Quilon, ; _North ( ‘unadian 
Component Now York Norwegian Indin Matayan Carolina slag 

TiOs, % 44.6 A356 49.9) 5rd 50.6 72.4 
FeO, % 36.7 32.6 9.3 38.8 33.2 8.9 
FeeOs, % 8.2 13.8 25.2 5.3 7.3 Nono 
Fe, % _ — —_ — _ Q.2L 
Fe, total, % 34.4 35.0 24.8 33.9 30.9 8.2 
SiO. % 4.0 4.0 0.7 0.4 2.7 5.8 
AbOn % 3.2 1.3 1.6 1.5 8.3 6.5 
P20, % 0.04 0.08 0.18 0.2 0.15 0,01 
MgO, % 2.6 3.9 0.95 0.08 3.3 5.9 
CaO, % 0.8 0.6 <0.1 0.1 2.8 14 
NbeOs, % 0.01 0.01 0.17 0,22 0.12 <0.01 
MnO, % 0.32 0.40 0.48 0.8 0.52 0.26 
Cr01, % 0.015 0.015 0,13 Q.015 0.28 0.24 
V20;, % 0.12 0.23 0.25 0.08 0.30 0.54 
FeO: Fe.0; ratio 4.5 4.2 0.37 7.3 4.5 





Iimenite sands are found in Java, Australia, New Zealand, Senegal, Malaya, 
Ceylon, Brazil, and India. The deposits in India have been the most important, and 
from them a large proportion of the ilmenite supplies of the world were produced befare 
World War IT. 

Elmenite-hematite ore is found in large massive deposits in the Allard Lake region 
in Canada. The hematite occurs as veinlets oriented slong crystallographic planes 
in the ilmenite. 

Titaniferous magnetites are found in the U.S. in New York, Arkansas, North 
Carolina, Virginia, Wyoming, and Minnesota. Large deposits are also found in Nor- 
way, Canada, Madagascar, Australia, and the U.S.8.R. The ores contain about 20% 
TiO. and the titanium is present us grains, inclusions, or intergrowths of the ilmenite in 
the magnetite, or as an integral part of the magnetite. Beneficiation of the ore to 
remove the magnetic fraction results in products analyzing from 40 to 60% TiO. 

Ilmenite is variable in chemical composition. It is often referred to as a ferrous 
titanate, FeO, TiO., but it seldom corresponds to this formula because the iron is al- 
ways present in both ferrous and ferric states. Its composition varies according to its 


TABLE (11. Consumption of Umenite and Rutile in the U.S. 1944-1953, in Short Tons. 

















Mnenite 
For pigments ~ For other uses b Rutile for all usea 
Gross léatimated Gross Tstimated “Croas estimated 
Year weight TiO: content weight TiO: content weight TiOe content 
1944 349,505 170,518 11, 484 4,957 14,813 13,837 
1946 399 , 042 200 , 352 §, 241 2,311 7,184 6,670 
1948 558 , 448 297 , 728 6,552 2,680 9,863 9,144 
1950 671,335 347, 747 7,909 3,928 11,721 10,869 
1951 703 ,068 367 , 987 10,295 5,100 17,227 16,018 
1952 670, 829 345, 368 12,02! 6,185 18,317 17,353 
1953 684,707 358 , 354 10, 887 5,486 20, 170 19,033 





« @Piements’! includes all manufactured TiQe. 
> Other uses are welding-rod coatings, alloys, and carbides, ceramics, and miscellaneous, 
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origin aud it is frequently found associated with excess ferric oxide or excess titanium 
oxide. ‘Typical analyses of various types of ilmenite are shown in Table IT. Aus- 
tralian ore (not listed) is characterized by high chrominm and aluminum values (20). 

In addition to these ores, slags containing 60-75% TiO. heeame available in 1951, 
The slags are prepared by electrothermal smelting of Canadian ilmenite-hematite 
with coal and limited additions of lime to produce a pig iron product and a titanium 
slag concentrate containing about 65-70% TiO: which is separated from the iron while 
in the molten state. The analysis of a Canadian slag is included with the data shown 
in Table IT. 

The consumption of ilmenite and rutile in the U.S. for the period 1944 to 1953 is 
shown in Table ITI (19). Consumption of titanium slag was as follows: 








Cross weight, Estimated 
Yeur short tons ‘TiOe content 
1952 24,236 16, 746 
1953 73,528 52,511 


PROCESSES OF MANUFACTURE (1,22,27,28) 


Methods for the production of titanium dioxide from its ores fall inte three groups: 
(£4) thermal hydrolysis of titanium sulfate, chloride, or nitrate solutions, (2) neutral- 
ization of titanium fluoride solution with ammonia, and (3) reaction of titanium 
tetrachloride vapor with an oxygen-containing gas at elevated temperatures (vapor- 
phase oxidation reaction), 

Of these, the thermal hydrolysis of titanium sulfate solutions, commonly known 
as the sulfate process, is the best known and most widely used. Titanium chloride 
and nitrate solutions have received little attention because of the corrosiveness of the 
solutions and higher operating costs. 

In the flnoride process, ilmenite ore is treated with ammonium fluoride or bi- 
fluoride, NH,HF.. The reaction mass 1s extracted with water and the solution of 
titantum and ammonium fluorides, containing also a small amount of iron fluoride 
as imputity, is filtered to remove the practically insoluble double fluoride of iron and 
ammonia. The solution is neutralized with ammonia (pH about 6.8) and sulficed to 
remove the iron. The iron-free solution is treated with an excess of ammonia to pre- 
cipitate the titania as hydrous oxide, which is then filtered, washed, and calrined. 
Recovery of the fluorine and ammonia are essential for economic operation. The 
fluoride process has not, been commercially successful in view of the processing diffi- 
culties encountered in handling the corrosive solutions and in the recovery of the re- 
actants (6,36). 

Considerable interest, is manifest in the United States and in Europe in the vapor- 
phase oxidation of titanium tetrachloride, judging from the number of patents which 
have been issued since about 1949 on this process. Titanium tetrachloride vapor and 
an oxygen-containing gas are treated at elevated temperatures with the formation of a 
flame. In some instances, an auxiliary flame produced by the combustion of carbon 
monoxide or a hydrocarbon gas and an oxygen-containing gas is employed. 

For oxample, pigmentary titanium oxide is reportedly produced by passing pre- 
heated titanium tetrachloride vapor and an oxygen-containing gas into the inner 
annular spacings of a multiple-tube burner and burning the mixture in contact with 
an auxiliary flame obtained by flowing an auxiliary combustible gas and an auxiliary 
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oxidizing gas through the outer annular spacings of the burner (44). In another 
flame-combustion process, the vaporized halide and air are introduced into an 
annular blanket of flame derived from the combustion of a hydrocarbon gas and an 
excess of oxygen. Sufficient hydrocarbon is present to ensure, upon combustion of 
the hydrocarbon, hydrolysis of all the hydrolysable halide (47). In a third modifiea- 
tion, an auxiliary flame is not employed. Instead preheated titanium tetrachloride 
and an oxygen-containing gas suitably humidified with 0.1-5% (based on the total 
volume of gases) of water vapor are introduced separately and continuously into a 
specially designed reactor while a shielding inert gas film is maintained over the internal 
surfaces of the reactor, In this manner contact of the reactants with the surface of 
the reactor is prevented and deposition or build-up of objectionable oxide scale on the 
surface is avoided. The shielding gas is introduced into the reaction zone through a 
porous refractory wall. The addition of aluminum chloride with the titanium tetra- 
chloride is reported to impart desirable characteristics to the titanium oxide product 
(43 45). 

In view of the expanding production of titanium tetrachloride for use in the manu- 
facture of titanium metal, it is very likely that the vapor-phase oxidation reaction will 
receive increasingly more attention in the future. 

Manufacture of titanium dioxide by the sulfate process involves the following six 
important operations: (7) digestion and dissolving of the ore; (2) clarification of the 
solution; (3) hydrolysis to precipitate hydrous titanium oxide; (4) filtration and 
washing of the hydrous oxide; (6) calemation; and (6) finishing treatment and grind- 
ing of the pigment. 

A flow sheet for the production of anatase and rutile titanium dioxide pigments is 
shown in Figure 2. 

Digestion. Ilmenite ore is digested with sulfuric acid to convert the iron and 
titanium components of the ore to soluble iron and titanium sulfates. If the composi- 
tion of ilmenite is represented by the formula FeO(¥'e,0,)TiO,, the reaction with sul- 
furic acid can be written as follows with the formation of ferrous sulfate, ferric sulfate, 
and titanyl] sulfate: 


KeO(FeOgTiOn - 6 T8O, ———> FeSO, 4+- FexiSOg. + TOKO. + 5 BO 


An excess of acid over that required to convert all the titanium and iron to the cor- 
responding sulfates is usually employed. 

There are two known types of digestion: (1) the continuous method which was 
used in England and on the Continent, but has since been discontinued, and (2) the 
batch method which is employed by all major proclucers of titanium oxide pigments. 

Continuous Method (88). A pug mill with two helicoidal screw conveyors acting 
in parallel at different speeds is employed for carrying out the digestion reaction. 
Pulverized ilmenite and oleum in predetermined proportions are continuously added 
to an agitated premix tank and the mixture is allowed to flow into the feed end of a 
screw conveyor. Simultaneously with this acid-ore mixture, water or dilute acid is 
fed into the conveyer. Immediately heat is developed and the exothermic reaction 
between the acid and ore begins. As the reaction proceeds, the mass gradually thick. 
ens and is moved forward by the helicoidal screws. The temperature of the mass is 
controlled by varying the rotation of the paddle shafts and by varying the amount of 
diluent added to the oleum-ore mixture. Best results are obtained by operating 
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under such conditions that the mass is allowed to become dry in the first half of the 
conveyer length. The cake clischarging from the reactor is leached with water or di- 
lute sulfuric acid. Conversion of the titanium in the ore to a soluble sulfate is in the 
order of 90-95%. 

Batch Method (34). The ilmenite ore, which is reecived either as a bencficiated 
sand or as rock disintegrated to the size of sand, is dried in a continuous, direct-fired 
rotary kiln to less than 0.5% moisture. The dried ore is then fed to a ring-roll mill, 
such as a Raymond type mill, or to a continuous steel-lined ball mill, where it is ground 
to a fine powder (95% through a 200-mesh screen) and thence conveyed to a storage 
bin. 

Strong sulfuric acid (66°Bé.) is measured ito a large cone-bottom (digestion tank 
and agitated with air. The ground ilmenite ore and a small quantity of antimony 
trioxide are added to the acid over a period of 15-30 minutes, air agitation being con- 
tinued during the period. A typical batch formulation is 50,000 lb. of 66°B6. sul-- 
furie acid, 40,000 lb. of iimenite ore, and 175 lb. of antimony oxide. 

The mixture is heated with direct steam to about 110-120°C., and sufficient water 
(175 gal.) is added to dilute the conecntration of the acid to 90%. The reaction that 
occurs is exothermic and under certain conditions can become very violent. The mix- 
ture passes through a pasty stage and is finally converted to a comparatively solid 
dry mass, honeycombed in structure as a result of air agitation during the reaction, 
Water or a dilute acid solution is added and the cake is dissolvecl under carefully con- 
trolled conditions of temperature and concentration. The solution of titanium and 
iron sulfates thus obtained is treated with scrap iron (4000 lb.) to reduce the ferric 
iron to the ferrous state. To assure the absence of ferric iron in subsequent processing 
of the solution, & small portion of the titanium in solution is also reduced tothe tri- 
valent state. At this stage of the operation, the solution contains about 120--130 g./L. 
TiO» and 250-300 g./1. FeSO. 

Clarification. In addition to the dissolved titanium and iron, the solution con- 
tains some unreacted ilmenite as well as siliceous matter which remains in suspension. 
These solid materials are removed from the solution by the addition of coagulating 
agents and subsequent settling. The coagulating agents generally consist of a soluble 
sulfide such as sodium hydrosulfide and « proteinaceous material such as glue, which 
form a floc of antimony sulfides and carry down the suspended colloidal silica, ete. 
The clarified liquor is decanted. The mud residue is pumped out of the bottom of the 
settling tank and filtered to recover the titanium sulfate solution which is returned to 
the dissolving system. In some instances, the mud residue filter cake is recycled to 
the digestion tank and redigestecl with fresh ilmenite to recover the titanium and anti- 
mony values, 

The clarified solution is then pumped to a vacuum crystallizer and cooled to about 
10°C. to crystallize out, a large proportion of the iron as copperas, FeSO,.7H.O. The 
mixture is filtered to remove the copperas crystals, and the crystals are given a light: 
wash to remove and recover any adhering titanium solution. The solution thus ob- 
tained is subjected to asecond clarification operation to remove the last traces of residue. 
The liquor is treated with a diatomaceous earth filter aid and filtered. A rubber- 
covered steel filter press or filter tubes of porous carborundum are used for this opera- 
tion. The solution at this stage contains: 140-150 g./1. TiO., 120-150 g./]. FeSOu, and 
280-330 g./l. H28O.. The filtered solution is concentrated under reduced pressure in 
a continuous lead evaporator ta approximately 200-250 g./l. TiQ:, the level of con- 
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centration depending to some degree upon the specific hydrolysis method subsequently 
employed to precipitate the titaninm oxide. 

Hydrolysis. In hydrolysis, the soluble titanyl sulfate is converted to an insoluble 
hydrous titanium oxide. The hyclrolysis step is one of the most. critical operations 
in the manufacturing process and conditions must he controlled carefully to insure 
the precipitation of a product of suitable particle size, maximum yield, and freedom 
from occluded impurities, particularly iron salts. These objectives are realized by (2) 
strict control of the concentration of the solution and the ratio of sulfuric acid to tita- 
hium dioxide in the solution, (2) the temperature and rate of application of heat 
to the solution, (3) the maintenance of a small concentration of titanous sulfate 
in the solution during the hydrolysis to prevent axidation of the ferrous sulfate, 
ancl (4) the addition to, or formation of, nuclei in the solution to accelerate and control 
the rate of hydrolysis. 

Use of Nuclei. The early practice in hydrolysis was to control the concentration 
of titaninm oxide and sulfurie acid in sohition very closely and to boil the solution 
until a satisfactory yield of titanium oxide was obtained. However, this procedure 
did not give uniform results and the products were extremely variable in particle size. 
Various hypotheses were advanced to explain these effects, the most plausible of 
which was based upon the assumption that “auto-nucleation” of the solution occurred 
both before and during the boiling period. This nucleation, which is difficult to con- 
trol, determines the number of centers of growth in the solution and, to some extent, 
the type of hydrous oxide formed. 

In present-day practice, nucleation of the ilmenite sulfate solution is very care- 
fully controlled. ‘Two general nucleation methods are employed which are character- 
ized as (1) Blumenfeld type, in which the nuelei are developed in siéu, and (2) Meck- 
lenburg type, in which the nuclei are separately prepared and added to the solution 
to be hydrolyzed. 

In the Blumenfeld typeof nucleation, a specified volume of hot titanium sulfate 
solution wnder controlled conditions of concentration and temperature is run at ao 
controlled rate into a specified volume of hot water with agitation (83). A pre- 
cipitate of hydrous titanium oxide is formed which redissolves with continued addition 
of the hot sulfate solution. Subsequent boiling of the mixture results in rapid hydrol- 
ysis of the titanyl sulfate. For example, 4000 gal. of an ilmenite sulfate solution 
containing 250 g./l. TiOe, 200 g./l. FeSO. 550 @./l FeSO. and 3 g./l. TiO, in the 
titanous form are heated to 96°C. in a suitable tank. Simultaneously, 1000 gal. of 
water are heated to 91°C. in a separate tank having sufficient capacity to hold the 
entire volume of both liquids. The ilmenite solution is then added to the water with 
agitation at arate of 250 gal. per minute. The temperature of the resulting mixture 
is raised to the boiling point at the rate of 14 of a degree per minute and boiling is 
continued until a 95% recovery of the titanium values is obtained (usually from 3 to 5 
hours). 

Jn the Mecklenburg type of nucleation a portion of the ilmenite sulfate solution 
is partially neutralized with caustic soda or soda ash to precipitate hydrous titanium 
oxide under controlled pH conditions, and the mixture is heat treated for a specified 
time and temperature. An ilmenite solution or a relatively iron-free titanyl sulfate 
solution may be used as 2 source material for nucleus preparation. Approximately 1% 
of the seed is used based on the titanium oxide content of the solution to be hydro- 
lyzed (32). 
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For example, 4 portion of an ilmenite sulfate solution containing 180-200 g./I. 
TiOs and 400-450 g./l. H.SO, is treated with aqueous sodium hydroxide to a pH of 
4 (methyl orange indicator) and the mixture is then heated for about 30 minutes at 
75-80°C. The cured suspension is added to the remaining ilmenite solution and the 
mixture is boiled until a satisfactory recovery of the titanium values is obtained. 
Many variants of such externally prepared yield sceds are reported. According to 
one modification, an ilmenite sulfate solution containing 200 g./1. TiO: is treated with 
sodium carbonate to neutralize the titanyl sulfate and the free acid but not the ferrous 
sulfate. A pH of 4.0 should not be excceded and the final temperature of the mix is 
about 60°C. The mass is then agitated, cooled, and dried. For hydrolysis 14-1% 
seed on the TiO, basis of the solution treated is used (39). 

Filtration and Washing. The precipitated hydrous titanium oxide is pumped 
from the hydrolysis tank to a cooling tank and thence to a battery of filters. A pre- 
coated leaf or rotary filter is employed in the first stage to remove the bulk of the tron 
sulfate in solution and a large proportion of the sulfurie acid. he filter cake is washed, 
then repulped with fresh water, and refiltered. This filtration and washing operation 
requires considerable care, otherwise the color of the final product can be affected 
adversely. 

The last traces of iron are removed by repulping the filter cake with dilute sul- 
furie acid, heating the slurry with titanous sulfate or zinc dust to reduce any ferric 
iron present, and then filtering and washing over a second battery of rotary filters, 

Calcination. The washed and repulped filter cake, which still contains a quantity 
of adsorbed sulfuric acid, is treated with various conditioning agents before calcina- 
tion ina rotary kiln. The alkali and alkaline earth oxides, carbonates, and phosphates, 
and antimony trioxide are among the agents added to the pulp before calcination to 
control particle-size growth and develop the highest hiding power and good color. 

During calcination, water and sulfuric acid are driven off; the particle size of the 
titanium oxide crystallites is increased, and the index of refraction rises from about 
1.75 for the hydrous oxide product to about 2.5 for the anatase crystal and 2.7 for the 
rutile crystal, with a corresponding increase in opacity of the pigment. Calcination 
also results in aggregation of the particles into small lumps having free-flowing charac- 
teristics to facilitate handling and minimize dust losses. The calcination temperature 
which may be carried as high as 1000°C. is carefully controlled. 

The hydrous titanium oxides precipitated from ilmenite sulfate solutions with the 
aid of Blumenfeld or Mecklenburg type nuclei have the anatase structure. When 
anatase-grade pigments are desired, subsequent processing operations (calcination 
and addition of conditioning agents) are controlled to preserve the anatase structure 
in the finished pigment. To produce rutile-grade pigments, rutile-promoting seeds 
as well as zinc and magnesium salts may be added to accelerate the conversion of the 
anatase base to rutile. The rutile-grade pigments have approximately 30% greater 
hiding power than the corresponding anatase grades. 

For the preparation of rutile pigments from sulfate solutions, nuelei of a special 
type are required to promote the conversion of anatase to rutile during calcination. 
These special nuclei, called rutile-promoting seeds, are usually derived from a titanium 
chloride solution or dispersions of orthotitanic acid or alkali metal titanates in 
hydrochloric acid. They may have either the anatase or the rutile structure and they 
are characterized by their ability to promote the conversion of anatase hydrous oxides 
to rutile upon calcining the hydrolyzates at comparatively low temperatures (800—- 
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900°C.). Rutile-promoting sceds may be substituted for or used in conjunction with 
the Blumenfeld or Mecklenburg type of nuclei at hydrolysis, or they may be incor- 
porated with normal anatase hydrolyzates before calcination. Examples are given be- 
low of the preparation of rutile-promoting seeds from (a) orthotitanic acid peptized 
with hydrochloric acid, (b) from pure titanium tetrachloride solution, and (ec) from 
an alkali metal titanate dispersed in hydrochloric acid. 

(a) A relatively iron free titanyl sulfate solution is neutralized with sodium car- 
honate to precipitate pure orthotitanic acid. The precipitate is filtered and washed 
until substantially free from sulfates. The orthotitanie acid is slurried with water 
and acidified with hydrochloric acid to yield a suspension in which the ratio of acid 
to titanium dioxide (HC1/TiO,) ou a weight basis is about 0.4/0.5. The suspension is 
heated to 85°C., and the seed aged for a period of 30 minutes during which time the 
titanium oxide is peptized toa colloidal sol. The sol is cooled to room temperature and 
may be used in this form or if may be coagulated by neutralization with caustic soda 
solution, and the coagulated seed then filtered and washed free of chloride ions (41). 

(b) A titanium tetrachloride solution contaming about 80-100 g./L. TiOs is added 
with stirring to an equal volume of caustic soda solution containing sufficient alkali 
to neutralize roughly 759% of the available hydrochloric acid. The resulting mix- 
ture is heated to 85°C. and held at, this temperature for 30 minutes, after which it is 
cooled to room temperature. This seed also may be used in this form, or it may be 
neutralized with alkali and the coagulated seed then filtered and washed free of chlo- 
ride ions. 

(c) An aqueous pulp of substantially pure hydrous titanium oxide obtained by 
hydrolytic precipitation from a titanium sulfate solution and containing 100 g. of 
titanium dioxide is diluted with water to about 30% calcined solids content. To 
this slurry is added 150 g. of fake sodium hydroxide while stirring continuously and at 
a constant volume. The titanate thus formed is filtered and washed substantially 
free of sulfates. The filter cake is slurried in 185 ml. of commercial 20°Bé. hydro- 
chloric acid, 4 ml. of a titanous chloride solution containing 100 g. titanous chloride 
per liter is added, and the whole diluted with one liter of water and boiled at constant 
volume for about one hour. After cooling to room temperature, the seed may he 
used in this form, or it may be neutralized with alkali, then filtered, and washed free 
of chlorides (42). 

Finishing Treatment and Grinding of the Pigment. The matcrial discharged 
from the calciner is processed according to the recjuirements of its end use. In some 
instances, the calcine is simply dry-ground in a ring-roll mill equipped with air sepa- 
rators. This product has relatively poor wetting and dispersive properties in oleo- 
resinous vehicles. ‘To improve these properties, the calcine is pulverized and slurried 
with water. This slurry is treated with an allcali silicate or phosphate which acts asa 
dispersing agent and the mixture is fed to a hydroseparator or a centrifugal classifier 
where the fines are removed, The coarse gritty particles are returned to a pebble mill 
where they are reground and recycled to the classification system. The fine material 
passes to a thickener where it is coagulated by the addition of magnesium sulfate or 
calcium chloride. The thickened pulp is filtered and washed, after which the filter 
cake is fed to a continuous dryer. The dried product is then ground either in a ring- 
roll mill or a simple hammer pulverizer. For certain grades of pigment, the thick- 
ened pulp is treated with various hydrous oxides and silicates; for example, those of 
aluminum, zinc, magnesium, and titanium, to modify the surface of the titanium di- 
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oxide and to impart specific characteristics to the pigment, such as superior chalk 
resistance ov color retention in particular types of paint films. The treated slurrics 
are then filtered, washecl, driecl, and ground as above. 


CALCIUM-BASE COMPOSITE TITANIUM OXIDE PIGMENTS 

These composite pigments are of two types: (1) coalesced pigments in which a fine- 
particle-size anlydrite (CaSO) is suspended in an ilmenite sulfate solution and the hy- 
droustitaninm oxideis precipitated on the surface of theanhydrite; these productsrecnptre 
calcination at clevated temperatures 10 develop the particle size and tinctorial strength 
of the titanium oxide; (2) blended pigments in which aqueous slurries of anhydrite 
and “calcined” pigmentary grades of titanium oxide are mixed, after which the mix- 
tures are dewatered and ealcined lightly to insure tbe absence of gypsum in the final 
product, 

Coalesced Pigments (37). A dehydrated calcium sulfate suspension is prepared 
by adding a slurry of hydrated lime or limestone to concentrated sulfuric acid under 
controlled conditions of concentration, temperature, and time of heating to produce a 
very finely divided product having the anhydrite structure, Clarified ilmenite sul- 
fate solution is added to this slurry and the mixture is heated to boiling and maiutained 
at boil until at least 95% of the titanium is hydrolyzed. The composite precipitate 
is then filtered, washed, dried, calcined, and dry-milled. The quantities of anhydrite 
and ilmenite sulfate soltttion are adjusted to produce composite pigments of the de- 
sired composition, for example, 30% TiO. or 50% TiOs. 

Blended Pigments (35). Anhydrite is prepared by treating hydrated lime with 
concentrated sulfuric acid under controlled conditions. The product is filtered and 
washed until it is substantially free of acid (filtrate shows 1 pH of at least 4). The 
‘ake is repulped in fresh water (made alkaline by adding a small amount. of sodium 
hydroxide) and again filtered. Caleium sulfate produced in this manner is either 
calcined separately and then mechanically mixed with titaniim dioxide pigment of 
specified characteristics, or, for the sake of sunplicity and ease of operation, the two 
components are blended before calcination of the calcium sulfate. 


NONPIGMENTARY TITANIUM DIOXIDE 

Nonpigmentary titanium dioxicle is produced in either a finer or coarser particle 
size than the pigmentary material. The use of the coarse material for nonpigmen- 
tary purposes is preferable for many reasons, chief among these being its case of han- 
dling, freedom from dusting, ease of blending with other materials, and control of its 
shrinkage when it is firecl as a ceramic body. 

Large tonnages of the coarse, high-purity titanium dioxide are utilized by purce- 
lain enamel manufacturers. Not only does the material impart acid resistance to 
euamels but, because of its excellent opacifying properties, the enamel may be applied 
in thinner coatings, thereby increasing its flexural strength and effecting a cost and 
weight saving. In the manufacture of a porcelain enamel the titantum dioxide is 
incorporated into the original hatch, generally in amounts of from 10 to 20% by weight. 
The batch is then smelted until al) of the materials are dissolved. Following this, the 
molten material is quenched in water. Phe resuitant product, known as “frit,” is a 
clear glass which is supersaturated with titanium dioxide. ‘The frit is then suspended 
in water ancl ground. The resulting slurry, called a “slip,” is then applied to the metal 
base by dipping or spraying. The coated base object is next heated to melt the pow- 
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dered glass and fuse it to the metal. During this heating, the titanium dioxide erys- 
tallizes from the supersaturated glass, thereby imparting the desired opacity to the 
enamel. See Colors for ceramics and glass; Enamels. 

A second important ceramic use for titanium dioxide is in the field of components 
for electronic equipment, Titanium dioxide capacitors are widely used in radio and 
television sets and, because of their efficiency, they find use in miniature units such as 
hearing aids. Dielectric components are fabricated by pressing high-purity rutile 
powder into the desired shape and then heating the pressed part until the particles 
sinter together. Since moisture has an adverse effect on the electrical properties of 
most materials, the parts are fired at a high temperature to eliminate porosity. Addi- 
tives are often added to the titaniim dioxide to alter its electrieal characteristics or 
its processing properties. 

Mineral rutile finds use as an additive to welding-rod coatings and as a batch 
addition in the manufacture of glass fiber. The natural material is utilized in these 
instances since the tron impurities present are not abjectionable in the finished product. 

A recent, development in the titanium field is the production of large synthetic 
rutile crystals. Since these crystals are very pure, their properties differ from the 
naturally occurring rutile crystals. These synthetic crystals are formed by a process 
similar to the well-known Verneuil process which is used to manufacture synthetic 
sapphires and rubies (see Gems, synthetic). Rutile single crystals are formed by drop- 
ping titanium dioxide particles through an oxy-hydrogen flame and allowing the molten 
droplets to fall onto a movable pedestal. As the pedestal is withdrawn from the hot 
zone of the furnace, the molten material solidifies in the form of a single crystal. 
These crystals are grown to a weight of approximately 20 g. Their principal use is as 4 
synthetic gem material. Due to the exceptionally high index of refraction, gemstones 
out from this material are very brilliant and exhibit an unusual amount of spectral 
color. 


Inorganic Titanates 


The compomids generally referred to as titanates are believed on the basis of 
x-ray analysis to be multiple oxides rather than true salts (see Vol. 9, p. 687). There is 
no evidence for the existence of titanate anions. These compounds range in composi- 
tion from the mctatitanates, M2TiO; or M20.TiO:, and the orthotitanates, M,TiO, 
or 2M20. TiO, to the highly acid titanates such as MeTisOu or M20. 5TiO., where M 
isa univalent metal. The titanates are gencrally prepared by mixing the appropriate 
quantities of titanium dioxide or hydrous titanium oxide with the desired metal oxide, 
hydroxide, carbonate, or salts whieh convert to oxides upon calcination, and then heat- 
ing the mixture at clevated temperatures to effect the reaction. The temperature of 
calcination may vary from about 160°C., for some of the strong bases such as those of 
the alkali metals, to 1700°C., for the more refractory oxides. 

Titanates of the alkali, ‘alkaline earth, and heavy-base metals are known. The 
alkalme earth and heavy-metal titunates are very stable compounds. They are in- 
soluble in water but are decomposed by acids. These compounds have been proposed 
for use as pigments, but only lead titanate, PhTiO;, has heen employed commercially 
for this purpose, They find their greatest use in the ceramic field, m the manufacture 
of porcelain enamels, ceramic dielectrics, temperature-sensitive resistors, and photo- 
conductors. The alkali metal titanates are less stable compounds. They tend to 
hydrolyze in water and dissolve readily in acids. 
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Alkali Metal Titanates. 


Lithium Titanates. J.ithium metatitanate, Li,TiQ;, is a white solid of cubie 
structure, sp.gr. 3.42. Lithium dititanate, LikTi,O,, is also cubic, sp.gr. 3.50. The 
orthotitanate, LisTiO4, has been reported. The lithium titanates are prepared by 
heating appropriate amounts of titanium dioxide and lithium carbonate to approxi- 
mately 950°C. 

Potassium Titanates. Potassium metatitanate, IX,TiO;, and potassium ditilan- 
ate, KyTi2.Os, are both white solids and melt at about 806 and 980°C., respectively. 
Hydrated compounds are also reported. These titanates are prepared by solid- 
state reaction of potassium carbonate or bicarbonate and titanium dioxide. The 
metatitanate may also be prepared by heating mixtures of hydrous titanium oxide 
and potassium hydroxide to 160-170°C. 

Sodium Titanates, There are three principal sodium titanates: Nas TiQs, m.p. 
1030°C., NazTieOs, m.p. 985°C., and NaeTisO,, m-p. (128°C. All are white, slightly 
hygroscopic, crystalline solids, and melt congruently, Several other sodium titanates 
are referred to in the literature. The sodium titanales are obtained by heating ap- 
propriate mixtures of sodium hydroxide or carbonate and hydrous titunium oxide or 
titanium dioxide (29). 


Alkaline Earth Metal Titanates. 


Interest in, and uses for the alkaline earth titanates, have developed considerably 
since 1940. In general, these compounds exhibit unique electrical characteristics 
which make them well suited for electrical applications. Few of these compounds 
oecur in nature and those that are found in nature are not suitable for electrical use 
because of their high impurity content. For this reason, all of these compounds are 
synthesized, usually by mixing the oxides or other gults of the alkaline earths with 
titanium dioxide in the proper stoichiometric proportions and heating the mixture at 
elevated temperatures until conversion to the desired titanate is completed. 

Barium Titanate. Barium titanate, BaTiO;, formula weight 233.26, melting 
point approximately 1625°C., is a crystalline solid having five erystal modifications: 
hexagonal, cubic, tetragonal, orthorhombic, and trigonal. The tetragonal modifi- 
cation, which is the important form electrically, has a specific gravity of about 6 and 
a very high dielectric constant, 

The ceramic form of barium titanate is usually prepared by intimately mixing the 
proper amounts of barium carbonate and titanium clioxide and heating the mixture at 
1300°C. until complete reaction has taken place. When commercial ceramic bodies 
are produced, the sinter is ground to a small particle size with small amounts of other 
constituents which are added to facilitate manufacture or to modify the character- 
istics of the finished product. The mass is formed into the desired shape by pressing or 
casting and then fired. Considerable care must be exercised to control the firing cycle 
and the furnace atmosphere to obtain satisfactory crystal growth within the mass and 
to obtain products of maximum density. These factors exercise an appreciable cffect 
on the electrical properties. 

Barium titanate, when subjected to a high d.c. electric field, becomes polarized 
not only while the field is maintained but permanently. This effect can be produced 
only at temperatures below its Curie point, 120°C., for at higher temperatures barium 
titanate is transformed from the tetragonal to the cubic form and the effect is destroyed. 
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Polarized barium titanate masses exhibit two unusual properties. They are 
ferroelectric (show spontaneous polarization that can be reversed by the application 
of an electric field), and they are piegoelect rte (produce an electric field as a result of 
pressure), Because of this, harium titanate elements find use in phonograph pickups, 
underwater detection devices, electronic circuits, and equipment for ultrasonics, 
(q.v.). The high dielectric constant of barium titanate and its change with tem- 
perature also make the material useful as high-value capacitors of small dimensions 
and as temperature-compensating elements (81). 

Calcium Titanates. Calcium titanate (perovskite), CaTiO;, is a white solid, 
m.p. 1980°C., sp.gr. 4.02. Other calcium titanates, stich as 3CaO.2TiO: and 3CaO. - 
TiOs, have been reported. Synthesized calcium titanate is often used as an additive ta 
a ceramic barium titanate body to alter its electrical characteristics. 

Magnesium Titanates. Three magnesium titanates are known: the meta- 
titanate, MgTiOs, the orthotitanate, Mg:TiQ,, and the dititanate, MgTiOs. The 
metatitanate, MgTiOs, is the most commonly utilized form of magnesium titanate. 
It is a white solid, rhombohedral in structure, sp.gr. 3.84. Its principal use is as an 
additive to ceramic dielectric components. 

Magnesium orthotitanate, Mg, T10,, crystallizes in the cubic system, m.p. [840°C., 
sp.gr. 3.538. Magnesium dititanute, MeTi.O,, erystallizes in the orthorhombic system, 
m.p. 1645°C. 

Strontium Titanate. Strontium titanate, SrTiQs, is a white crystalline cubic 
solid, m.p. 2080°C., sp.gr. 5.18, Knoop hardness 595. This material, like rutile, has a 
high index of refraction (mp = 2.409) anda high dielectric constant, 310. Strontium 
titanate is used as an additive to barium titanate bodies since it has the effect of lower- 
ing the Curie point and changing the temperature coefficient. 

Single crystals of stroutium titanate were grown in 1952 for optieal and gem pur- 
poses. These crystals were found to transmit light having wave lengths of from 395 
to over 1700 millimicrons. Their dispersion (nr — nc) was found to be 0.108. 


Other Titanates. 


Aluminum Titanate. Aluminum titanate (tielite), ALTIOs, is a white solid. Tt 
exists In a- and @-modificatious, with the «form stable above 1820°C. and melting at 
about 1860°C. The material is artificially prepared by sintering or fusing the oxide 
components. 

Cadmium Titanate. Cadmium titanate, CdTiO;, is 4 yellow solid and crystal- 
lizes in the orthorhombic system, sp.gr. 6.5. A transition to the cubie form occurs at 
1050°C. 

Cobalt Titanates. Cobalt metatitanate, CoTiOs, isa green solid, rhombohedral 
in structure, sp.gr. 5.00. It is obtained by heating cobalt carbonate and titanium 
dioxide (molar ratio 1CoCO3:1TiOg) at 900°C. Cobalt orthotitanate, CorTiOg, is a 
greenish-black solid having the cubic structure, sp.gr. 5.07. 

Iron Titanates. Ferrous melatitanate, YeTiO,, sp.gr. 4.72, is rhombohedral in 
structure, and opaque black in color, with submetallic luster. It occurs in nature as 
the mineral ilmenite, which is used extensively in the manufacture of titanium oxide 
pigments. It has been prepared artificially by heating a mixture of ferrous oxide 
and titanium dioxide, in a sealed silica tube for several hours at 1200°C., and also by 
reduction at 450°C. of a mixture of ferric oxide and titanium dioxide. The melting 
point is reported to be about [470°C (2,28), 
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Ferraus orthotitanate, PeTiO,, is orthorhombic, opaque, with 2 melting point near 
170°C). 1 has been prepared by fusing a mixture of ferrous oxide and titanium 
dioxide. Ferrous dititanate, FeTigO,, is orthorhombic, and has heen formed hy heating: 
ilmenite with earhon at (000°C. The metallic iron formed in the reaction is removed 
leaving a composition which is essentially the dititanate. 

Ferrie tanate (pscudobrookite), FeyTiOs, formula weight 289.60, is orthorhombic, 
and oceurs to a limited extent in nature, Lt is the only compound which has been 
proved to exist in the system Fe,Q;-TiQ., and has been prepared by heating a mixture 
of ferric oxide and titanium dioxide in a sealed quartz tube at temperatures of LO00°C, 
or higher. 

Lead Titanate. T.cad titanate, PhTiO;, formula weight 303.11, is a yellow solid, 
sper. 7.52, and erystallizes from melts as orthorhombic, holohedral pyramids. Ut is 
prepared by reaction of the respective oxides in equimolar amounts at temperatures as 
low as 400°C. No other lead titanate compositions are known. Lead titanate has 
been used commercially as a pigment for paint formulations to impart color stability 
and durability to exterior coatings. 

Manganese Titanates. Manganese metatitanate, MnTiO;, is a yellow solid, 
hexagonal in structure, sp.er. 4.54. Tt melts incongruently at 1360°C. Manganese 
orthotitavate, Mn.TiO,, is cubie in structure, m.p. 1455°C., sp.gr. 4.49. 

Nickel Titanate. Nickel titanate, NiTiOs, is a canary-yellow solid, rhombohedral 
in structure, sp.gr. 5.08. 

Zine Titanates. Zinc orthotitanate, Zn,TiO4, sp.gr. 5.12, 18 a white solid having 
the spinel structure and is obtained by heating zine oxide and hydrous titanium oxide 
in the molar ratio of 2Zn0:17TiO.. The reaction begins at about 480°C., but a tem- 
perature of about 1000°C. is required to complete the reaction. Zine orthotitanate 
forms 4 series of solid solutions with titanium dioxide extending to the composition 
ZmeTiOg. 144TiO. These solid solutions are not stable at clevated temperature and 
hegin to dissociate at. 775°C, into titanium dioxide and solid solutions poorer in titan- 
ium dioxide. The titanium dioxide that crystallizes from the solid solutions has the 
rutile structure. 

A product corresponding to the composition of zinc metatitanate was found to be 
in reality a solid solution of zinc orthotitanate and titanium dioxide. While there are 
many references in the literature to the preparation of zinc metatitanate, ZnTiOs, 
and other titanates such as ZnsTieO7, ZnTiy07, and ZnyTisO4s, the existence of these 
compounds has not been established with certainty. 


Titanium Phosphates. 


Titanium(1II) Phosphate. Titanous phosphate is a purple hydrate of unknown 
composition which is soluble in dilute acids. Its solutions are relatively stable and 
resistant to hydrolysis. It may be prepared by adding sodium phosphate to either a 
titanium(IIT) sulfate or chloride solution, adding alkali to decrease the acidity until 
precipitation occurs, filtering, aud washing. 

Titanium(IV) Phosphates. Tlanium pyrophosphate, TiP.O;7, formula weight 
221.86, m.p. 1490°C., is a white powder crystallizing in the cubic system and having a 
density calculated from x-ray data of 3.106. It is insoluble in water. It may be 
prepared by heating to 900°C. a mixture of one formula weight TiOs, as hydrous ti- 
tanium oxide, and one formula weight P.O;, as phosphoric acid. 
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Tydrous ttantiom phosphate is a gclatinous material of variable composition which, 
when properly prepared, is highly insoluble in acids. It may be prepared by adding an 
alkali phosphate to titanyl sulfate solution, filtering the hydrous titanium phosphate 
formed, leaching, and drying. Its insolubility in dilute sulfurie acid has led to some 
commercial interest for separating titanium from iron in ilmenite sulfate solttions. 
It has also been used in the dyeing and leather launing industries. 

Other titanium phosphates, such as 3TIO.. PxOs.GHiO and 2TIOe, POs, have 
beeu claimed to exist, but their composition has not been confirmed. There is uo 
commercial interest in any of Lhese phosphates. 


Titanium Phosphide. 


Titanium phosphide, TiP,, where a varies from 0 to 0.94, is 2 material of variable 
phosphorus content for which no well-defined compounds have been established. 1 is 
a dark gray powder the density of which varies from 4.66 for n = 0,26 to 3.95 for n = 
0.94. Tt has unusually high thermal stability. Thus, it does not decompose when 
heated tn vacuum or a protective atmosphere at 1100°C. Its not attacked hy any of 
the common dilute or concentrated acids, but it is oxidized in air on heating. Tt may 
he prepared by reaction of the elements at elevated tempcrature under controlled con- 
ditions or from titanium tetrachloride and phosphine at 750°C. 


Titanium Silicates. 


Titanium dioxide and silica form a euteetic composition at 89.5 weight per cent 
silica which melts at 1540°C. No compound formation has beeu ohserved in this sys- 
tem. 

Calcium titanium silicate, CaO.TiO.wSiO,, formula weight 196.04, sp.gr. 3.497, 
is a monoclinic solid, which melts congrucntly at about 1380°C. It can be synthesized 
by heating a mixture of calcium carbonate, titanium dioxide, and silica. It exists in 
nature as the mineral sphene or Htantie and has been proposed as a source material 
for the manufacture of titanium dioxide pigments. UTowever, if has little commer- 
cial importance at present. 


Titanium Silicides. 


Titanium disilicide, TiSiz, formula weight 104.08, has an orthorhombic structure, 
ay = 8.23, bo = 4.773, and ¢ = 8.523 A. The compound melts at 1540°C., and has a 
Knoop hardness of 618 kg./sq.mm. (100 g. load). The density is reported as 4,39 
g./eu.cm., and the electrical resistivity as 123 microhm-cm. at room temperatiire. 
Titanium disilicide can be prepared by decomposing titanium tetrachloride on pure 
silicon powder and by electrolysis of fused salt baths of alkali fuosilicates and titanium 
dioxide. 

The existence of titantum monosilicide, TiSi, has been established from an in- 
vestigation of the Ti-Si system. The Knoop hardness of this compound is 1039 kg./ 
sq.mm. (100 g. load). 

The intermetallic compound pentatitanium trisilicide, Ti,Si,, has a hexagonal 
structure, a = 7.465 and q = 5.162 A. It melts at’ 2120°C., and has a Knoop hard- 
ness of 986 kg./sq.mm. (100 g. load), These products can be prepared by reaction 
of titanium and silicon powders at elevated temperatures in a protective atmosphere. 
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Titanium Sulfates. 


Titanium(JID) sulfate (titanous sulfate), Tie(SO.) a formula weight 384.01, is a 
green, crystalline powder. On heating in air it is gradually transformed to titaniwwn 
dioxide. Il is soluble in dilute acids to form purple solutions. It may be prepared 
by reducing titanyl sulfate solution electrolytically until the titanium is in the tri- 
valent. state, evaporating, and filtering the hydrated crystals which are formed. 
These crystals are dissolved in sulfuric acid which is then heated to about 200°C, to 
yield crystals of the desired product. The hydrated sulfate, 8Ti2,(80,),. 180,.- 
2511.0, is a purple, crystalline powder which, when heated in air, first gives off water 
and then sulfuric acid. It is soluble in water yielding a stable, purple solution. It 
may be prepared by reducing titanyl sulfate solution clectrolytically until the titanium 
is in the trivalent state, evaporating the solution, and removing t the resultant crystals 
by filtration. 

Titanium (IV) sulfate, Ti(SQ.)2, formula weight 240.04, is a white, hygroscopic 
powder. It may be prepared by treating titanium tetrac hlor ide with sulfur trioxide 
in sulfuryl chloride. It is believed to occur as an intermediate in the conversion of 
ilmenite to titanium —~iron sulfate solution. Hydrates Ti(8Q.)..9H.O, Ti(8O,).- 
47.0 and Ti(SO,)2.3H.0 have been reported, 

Titany] sulfate (titanium oxysulfate, basic titanium sulfate, titanium sulfate), 
TiOSO,, formula weight 159.97, is a white, erystalline, hygroscopic powder, It is 
soluble in cold water but hydrolyzes very easily on warming the solution. When 
heated in air to 580°C., it decomposes to 2TIO..8O,, and at higher temperatures is 
finally transformed to titanium dioxide. It may be prepared by the contiolled re- 
action between titanium dioxide and sulfuric acid or by heating anhydrous titanium 
sulfate to 500°C. 

Titanyl sulfate dihydrate, TiOSO..2H20, is a white, needle-like, crystalline pow- 
der and is the most firmly éstablished of the titanium sulfates. It dissolves slowly in 
cold water but hot solutions are uustable and hydrolyze. When heated in air, ib 
loses water and then sulfur dioxide and finally formis titanium dioxide. It may be 
prepared by heating solutions of titanyl sulfate containing about 10% titanium di- 
oxide and about 20-40% sulfuric acid until crystallization occurs. The crystals may 
be removed by filtration, washed with 40° sulfuric acid solution and acetone, and 
dried. There are many variations of this process. Commercial titanyl] sulfate cake 
is made by treating one mole TiO: as hydrous titanium oxide with two moles H,SQ, 4s 
concentrated sulfuric acid. The solid cake formed consists mostly of titanyl sulfate 
and sulfuric acid. This product finds use in the dycing industry as a mordant and for 
the preparation of reduced titanium sulfate solution useful in dye stripping. [tis also 
used as a source material to prepare other inorganic titanium compounds. A mono- 
hydrate, TiOSO4. HO, has heen reported. 


Titanium Sulfides. 


A number of titanium sulfides have been described and their existence seems to Le 
well established. As with the titanium oxides each phase is capable of existence over a 
wide range of composition, although the limits have not been well defined in all cases. 
There are no commercial uses for any of the titanium sulfides. 

Titanium subsulfide, TiS, formula weight 127.87, is a gray solid, sp.gr. 4.60. 
It is taken into solution by concentrated hydrochloric and sulfuric acids, is attacked by 
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concentrated nitric acid, but is insoluble in alkalies. It may be prepared by careful 
heating of mixtures of titanium metal and sulfur at 800~1000°C. 

Titanium monosulfide, TiS, formula weight 79.97, is a dark brown solid probably 
erystallizing in the hexagonal system, sp.gr. 4.05. It is attacked by concentrated 
hydrochloric and nitric acids, is soluble in concentiated sulfuric acid, but is not at- 
tacked by alkalies. It may be prepared by reducing titanium disulfide with hydrogen 
at elevated temperatures, or by reaction of the elements under controlled conditions. 

Titanium sesquisulfide, Ti.8;, formula weight 192.01, is a black erystalline solid, 
sp.gr. of 3.52. It is attacked hy concentrated hydrochlorie and nitric acids, is sotuble 
in sulfuric acid, but is insoluble in alkalies. It may be prepared by reducing titanium 
disulfide with hydrogen, or by reaction of the elements at 800°C., followed by further 
heat treatment at elevated temperature. 

Titanium disulfide, TiS., formula weight 112.04, is a bronze-colored solid erystal- 
lizing in the hexagonal system (cadmium iodide structure), sp.gr. 3.22. When heated 
in the absence of air, it gradually loses sulfur and forms lower sulfides, but when heated 
in moist air, it reacts readily with water to form titanium dioxide and hydrogen sulfide. 
It is completely dissolved by hot, concentrated sulfuric acid, is oxidized to titanium 
dioxide by concentrated nitric acid, but is not attacked appreciably by concentrated 
hydrochloric acid. In contrast to the other titanium sulfides it is decomposed by hot 
sodium hydroxide solution. 

Titanium disulfide is prepared by the reaction of hydrogen sulfide and titanium 
tetrachloride at about 600°C. in a hot tube. 

Titanium trisulfide, TiS;, formula weight 144.11, is a graphite-like solid which 
probably occurs as a layer lattice, sp.gr. 3.22. Itis soluble m hot, concentrated sulfuric 
acid and is attacked by hot, concentrated nitric acid to form titanium dioxide. It is 
also attacked by hot sodium hydroxide solution. It may be prepared by sulfurizing 
titanium disulfide or lower sulfides under pressure and then carefully removing the 
excess sulfur. 


ORGANIC TITANIUM COMPOUNDS 


The inorganic compounds of titanium have been studied since the time of Gregor 
(1790), but the first reference to organic compounds was not made until late in the 
19th century. The number of known organie compounds is rapidly approaching the 
number of inorganic compounds although they have far less commercial significance. 

The arrangement of electrons in the titanium atom is responsible for the peculiar 
properties of the organotitanium compounds. ‘Thus, titanium and the other elements 
of group [Va of the periodic table do not exhibit the property of forming strong co- 
valent bonds to carbon, whereas the metals of group [Vb all form stable metal-¢arbon 
bouds readily. In the case of carbon, silicon, germanium, tin, and lead, the four 
valence electrons are found in the same principal quantum shell. Attachment of four 
groups to these metals leads to organometallic compounds in which each substituent 
occupies a corner of a tetrahedron. 

In the case of titanium, the valence electrons are equally divided between the 
3d and 4s subshells. This arrangement does not lead to a tetrahedral structure when 
four substituents are placed on a single titanium atom, but rather appears to tend to- 
ward structures in which the titanium atom is centrally located in a square with the 
four substituents at the corners of the plane. This configuration then permits the 
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close approach to the central titanium atom of other molecules leading to the develop- 
ment of bonding forces that vary from weak attractions to strong coordinate covalent 
bonds. Although titanium has a normal valence of four, it tends in all cases to exercise 
its full coordination number of six. The hexacoordinated titanium molecules possess 
an octahedral structure. 

The electron configuration of titanium thus does not lead to structures similar to 
those derived from the metals of group IVb. In addition, this configuration does not 
permit: ready formation of metal-carbon bonds. Hence, the best-known organic com- 
pounds of titanium are the derivatives of orthotitanic acid, that is, they contain Ti—- 
O--C bonds, although a few well-defined compounds containing Ti—C bonds are 
known, such as phenyltitanium triisopropylate, CoHyTi(OC;H)s, and biscyelopenta~ 
dienyltitantum dihatides, as (C,Hs)eTiCh (18,80). These, however, are unusual 
structures and the potential existence of simple titanium alkyls is highly improballe. 


Organic Titanates 


Methyl titanate, Ti(OCTI;), or TICOCH,)4.CHZOH, is a white, semicrystalline 
solid, which hydrolyzes rapidly on exposure to moist air. The melting point is in ex- 
cess of 200°C. and the sublimation point 300°C. at 18mm. It may be prepared by the 
reaction of sodium methylate with titanium tetrachloride or by boiling the tetraethy! 
ester with absolute methanol (3). 

Eihyl titanate, Ti(OCLH,),, is a light yellow liquid, bg. 145°C., bigs 205°C., and 
is miscible with most inert organic solvents. However, it reacts with solvents con- 
taining active hydrogen atoms such as alcohols and acids, and hydrolyzes very rapidly 
in the presence of moisture, yielding partially hydrolyzed ethy] titanate and, eventu- 
ally, hydrous titanium oxide. i is prepared by the reaction of sodium ethylate with 
titanium tetrachloride. 

Isopropyl titanate, T1(QC,H7),, is a colorless mobile liquid which fumes on ex- 
posure to moist air, b7.,97°C. Tt forms a crystalline solid at temperatures below 20°C, 
The preparation involves reaction of titanium tetrachloride with four moles of iso- 
propyl! alcohol in the presence of an equal mumber of moles of ammonia which acts as 
an acceptor for the hydrogen chloride released. It has been used as a catalyst for aldol 
condensations and also enters readily into the Meerwein-Pondorf reactions (see Vol. 
I, p. 628). 

u-Butyl titanate, Ti(OC4H,),, formula weight 340.35, is probably the best-known 
of the organotitantum compounds, Ut is a nearly colorless, oily liquid, by 160--62°C. 
It reacts with acetone, but is miscible with all conmmon organie solvents except eer- 
tain amides and nitriles, such as formamide and acetonitrile, It is not miscible with 
liquid ammonia. . 

lt is best prepared by the reaction of titanium tetrachloride with n-butyl alcoliol 
in the presence of ammonia. The ammonium chloride is filtered or centrifuged from 
the product and the high-boiling ester distilled under reduced pressure (40). 

Like the lower-molecular-weight members of the series of alkyl titanates, n-butyl 
titanate hydrolyzes on exposure to moist air, but does so at a reduced rate. The hy- 
drolysis products exhibit increasing molecular weight aud complexity as the reaction 
proveeds and are termed condensed titanates.. They probably contain chains of alter- 
nating titanium and oxygen atoms. These condensed esters are also obtained upon 
heating n-butyl titanate to 200-250°C., or by partial pyrolysis of the butyl titanates. 
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The condensed esters vary from viscous oils to semicrystalline solids depending on the 
number of alkoxy groups removed in the reaction. ‘They react similarly to the tetra- 
esters but at a reduced rate (4), 

n-Butyl titanate and its condensed derivatives are used in the preparation of 
heat-resistant coatings for metals. When pigmented with leafing types of pigments, 
especially aluminum powder, paints are obtained that resist temperatures in excess of 
600°C, 

Besides its reaction with water, n-butyl titanate also reacts with alcohols and acids 
in an ester-exchange type of reaction. This exchange proceeds rapidly and without 
vatalysts. Thus, z-butyl titanate can serve as the source material for the preparation 
of many other titanium derivatives of acids and alcohols. It also can react by this 
mechanism with macromolecular alcohols and acids, such as cellulosies and resins, 
reducmg the sensitivity of these materials to organic and aqueous solvents. When 
applied to fabric and paper, a water-repellent action is exhibited. The addition of 
butyl] titanate in small quantities to vleoresinous coatings has a marked accelerating 
influence on their drying rate and results in increased hardness, 

Miscellaneous alkyl titanates can be formed from a wide varicty of aleohols other 
than those mentioned. The preparation may be from titanium tetrachloride in the 
presence of a base (usually ammonia) or, more conveniently, from a simpler ester such 
as n-butyl or isopropyl! titanate. The method emploving titanium tetrachloride and 
ammouia fails in the case of tertiary aleohols. The properties of these materials are 
similar to those of the esters described in more detail. In general, the higher-molecu- 
lar-weight alcohol esters exhibit increased stability towards hydrolysis and ester 
exchange. 

Aryl Titanates. Titanium tetrachloride reacts with phenols to yield a series of 
phenoxytitanium chlorides, and eventually, with the complete substitution of chlo- 
rine atoms, the tetraaryl titanates. This reaction proceeds to completion only in the 
presence of a base such as ammonia or an amine. All of these materials are intensely 
colored, the colors varying from orange to red. In the case of phenol, the maximum 
color is exhibited by the monophenoxytitanium trichloride, CsHsOTICI;. 

Phenyl titanate, Ti(OCsII;)., formula weight 420.3, m.p. 153-54°C., is a bright red 
erystalline compound which is soluble in the common organic solvents but hydrolyzes 
in the presence of moisture. It associates strongly with oxygenated organie molecules, 
forming orange to orange-red crystalline complexes. 


Other Compounds 


Because of its unfilled 3¢ shell of electrons, titantum is capable of forming co- 
ordination compounds with a variety of organic agents. Among the latter are amines, 
diammes, amino alcohols, polyols, hydroxy acids, polybasic acids, and 8-diketones. 
Most of these compounds are crystalline or semicrystalline yellow solids, although 
those derived from phenolic and enolic substances are red or red-orange. 

A large number of unstable addition-type complexes are formed when titanium 
tetrachloride is treated with organic substances containing oxygen or nitrogen. These 
complexes usually consist of one or two moles of the organic residue per mole of ti- 
tanium tetrachloride, although other molar ratios are found in a few cases. The 
ability of titanium tetrachloride to form such coordination compounds is probably 
responsible. for tts pronounced activity as a Friedel-Crafts type of catalyst. 
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Like the alcohols and phenols, organic acids also form derivatives of orthotitanie 
and metatitanic acids. These derivatives, termed ttlanitum acylates, are usually 
not definite compounds and exhibit propertics typical of high-molecular-veight com- 
plexes, probably containing chains of alternate titanium and oxygen atoms. Ti- 
tanium tetraacylates apparently do not exist. 

Titanium acylates are most, commonly prepared by the reaction of a metal galt 
of the organic acid with titanium tetrachloride or titanyl sulfate. They also may be 
prepared by the ester-exchange reaction involving an alkyl titanate and onc or two 
moles of the acid. Titanium chloride acylates, in which the chlorine is only partially 
replaced by acyl groups or oxygen, are also known and result from the reaction of an 
acid with titanium tetrachloride in the vapor phase (46) or in an inert solvent. 

The titanium acylates are hydrolyzed hy water but are generally soluble in most 
organic solvents. The derivatives of the higher fatty acids, which are soluble in non- 
polar solvents and oils, have been suggested for use as paint driers. 

There are also a large number of stable complexes containing cither one or two 
molecules of a hydroxy or dibasic organie acid per molecule of orthotitanic acid. 
Among these are titanium citrate, lactate, tartrate, salicylate, and gluconate. Most 
of the complexes are soluble in dilute alkali and have found limited use in the mor- 
danting aud dye-stripping operations of the textile industry. 

An equimolar complex of orthotitanic acid and phthalic acid termed “titanitom 
phthalate” has been used as an extender pigment in chemical-resistant paint. This 
complex is prepared by the reaction of titanyl sulfate with a solution of an alkali salt 
of phthalic acid. The white precipitate so formed contains some hydrous titanium 
oxide. 

Titanium oxalate, which exists as the anionic complex [TIO(C2O4)a|2-, has found 
use commercially in the tanning of leather and in various dyeing operations. It is 
prepared in aqueous solution by the reaction of au alkali metal oxalate with titanium 
sulfate or chloride, 
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TOBACCO 


Tobacco belongs to the large family of plants known as the Solanaceae, also called the 
potato or nightshade family, and to the genus Nicotzana. Among approximately 
sixty species of Nicotiana, N. tabacum represents the bulk of the tobacco of commeree. 
One other specics, NV. rustica, is grown commercially in India and in the U.S.8.R., where 
it is known as Makhorka. According to Gage (13) this was the product which was 
being cultivated hy the Indians of eastern North America at the time of its discovery. 
Seeds of the milder NV. dabacum were introduced from the West Indies about 1612. 

Ry 1531, less than 40 years after the discovery of America, Spaniards were culti- 
vating the crop in Santo Domingo, By 1560, it was being grown commercially in 
Cuba and Venezuela and by about 1600 in Brazil. Tobaceo from Spanish settlements 
had come into use in Europe and the British Isles at least 40 years before the colony 
of Jamestown was founded in 1607. By 1600 or 1605, mariners and traders had intro- 
duced tobacco into China, Japan, South Africa, and many other distant Jands. 

Tobacco is now grown in most of the cultivated areas of the world and is a major 
crop in many countries, Many excellent reports of tobacco culture are available 
(1,3,5,14,22,32,36). Table I shows world production of tobacco (30). 





TABLE I. Estimated World Production of Tobacco. 


Production, ruillion Ib, 























By continents : 1947-61 (av.) 1952 1053" 

Asia (excluding U.S.8.R. and Manchuria)........ 2,930 2,800 2,923 
North Ameriea.... 0.0.00. 00. c eee ee 2,459 2,640 2,441 
Qurope (ineluding U.B.S.R. in Asin)... 0.0.22... 1,218 1,101 1,237 
South America... 6.0.0.0. 380 107 436 
ARTIGA. ce eee eee e nee 236 268 275 
Oceania... ce cette ee 9 13 12 
Total world (excluding Manchuria)........... 7,231 7,230 7,324 

~~" Leading producing eountries — a ~ 

United States.... 0.000000 2 ee ee 2,083 2,255 2,046 
Chima... 0. cc ccc eee ene 1,425 1,400 1,800 
India... ce ee eee eens 547 459 491 
TB SR erect ete ees 450 450 “£50 
Brag. t cee eee teens 233 237 262 
Turkey. ce be ete tees LO4 20) 260 
BT 208 211 QAT 
Pakistan... ce entre eee eee 157 167 166) 
CORED. cee eee teen teen nee ti} 87 138 
Italy. ccc cece cece cee cveeeeuceeeeevtunenees 168 136 136 
Canada... cee cece nen e ena 129 1-40 135 
France... 000. tee ce eens 109 105 116 
Southern Rhodesia. .... 0.0000. e cece eas 85 100 106 
Tndonesia. oe eee eens 62 lit 105 
Burma. eee etnies 89 100 101 





@ Preliminary. 


Tobacco yields an income of $1,124,000,000 (1952) to about 531,900 growers 
(1950 census) in the U.S. and is fourth in importance among all field crops from the 
standpoint of cash reeecipts to farmers.  TYstimated expenditures for Lobaeco products 
in 1952 amounted to $5.0 billion which includes federal, state, and local excise taxes. 
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Federal excise taxes for 1952 were $1,661,800,000. State excise taxes for the fiscal 
year 1952-53 (not available on a calendar year basis) were $468,260,000. Federal 
income taxes paid by tobacco manufacturers and leaf dealers amounted to #131,419,000 
in 1950. In addition, receipts from import duties on tobacco and tebacco products 
totalled $16,200,000, (1952-53). Leaf exports in 1952 were valued at $2-46,000,000 
ranking third amoug agricultural exports (29,31), 


Types Used in American Industry 


Environmental and genetic factors and manufacturing requirements have oper- 
ated to separate cultivated tobaccos into distinct types. Prominent, among the factors 
that determine type characteristics are: (/) character of the soil; (2) climate; (3) 
variety of seed; (4) methods of cultivation, fertilization, and harvesting; and (4) 
method of curing. The association between soil, seed, climate, and cultural and curing 
practices is so close and has such a determining cffeet upon the type produced as to 
prechide, as a general rule, the duplication of any given type in a new environment (13). 

Flue-cured is the most important domestic type, exceeding in acreage, poundage, 
and value all other types combmed. Its seed is derived from the original Orinoco 
from South America from which a large number of varieties have been developed, 
Beginning about 1940, varieties resulting from crosses with cigar wrapper types and 
wild varieties from South America and other parts of the world have been introduced 
to meet the threat of diseases. Varieties with still higher resistance are being de- 
veloped from crosses with N. glutinosa, N. longiflora, and other species of Nicotiana. 
Flue-cured is grown on soils of medium fertility, As the name implies, the leaves are 
cured with heat. The color ranges from lemon and orange for the better cigaret 
grades to red and brown for the uoncigaret grades. The principal use of flue-cured isin 
cigarets. About one-third of the annual production is exported. 

Burley, a light air-cured type and second in importance of all the types grown in 
the U.S., originated as a mutant from a local variety known as Red Burley. The 
resultant White Burley is now synonomous with Burley. Substantial progress in the 
development of varieties resistant to discases was achieved in 1935. As with flue- 
cured, intensive breeding for disease resistance and improved plant type is in progress. 
Burley thrives on fertile limestone soil, especially that of phosphatic origin. It is 
normally cured on the stalk, without heat, except as may be necessary to prevent 
“shed burn,” a form of fungicidal decomposition. There has been a trend in recent 
years among small growers to detach, or prime, the bottom leaves. The cured leaves 
from the lower portion of the Burley stalk are light tan in color and very thin, They 
become progressively darker and heavier toward the top of the plant. Burley finds 
uses in domesiie cigarcts, pipe mixtures, and chewing tobacco; relatively small 
amounts are exported. 

Maryland, also a light air-eured type, is grown on light-bodied soils in a restricted 
area. It has not changed much since colonial days and is thought to be descended 
from Sweet Scented which, with Orinoco, was widely grown by the early colonists. 
The cured leaf is of a dry, porous nature, relatively thin, with good combustibility. 
Maryland finds use in domestic cigarets, for export, and in scrap-tilled cigars. 

Turkish, or Oriental tobacco, is grown principally on soils of low fertility in semi- 
arid regions of Turkey and Greece. Culture of tobacco in these countrics began 
shortly after 1700 with seed from America. ‘These tobaccos are prized for their dis- 
tinctive aroma and flavor, and are characterized by very small leaf size. The three 
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major types are Smyrna, Samsun, and Macedonian. Smyrna is grown in the south- 
western part of Turkey in the vicinity of what is now Ismir. It is the mildest of the 
three classes and represents the largest production. Samsun is grown in the northern 
part of Turkey in areas bordering on the Black Sea. It has heavier aroma than 
Smyrna and Macedonian. The sugar content is the lowest of the threc types, the 
total nitrogen is highest, and the nicotine content is intermediate. Macedonian is 
grown in that portion of Greece which was formerly Macedonia. Macedonian en- 
joys a reputation for very fine aroma. Turkish tobaccos are imported in large volume 
for use in cigaret blends, and comprise about 7% of the total leaf used in manufacture 
of cigarets. 

Dark Air-Cured Types. Onc Sucker and Green River represent. distinctly differ- 
ent types. These types are grown on heavy soil and are cultivated in a manner 
conducive to heavy body aud high uicotine content. ‘They find use primarily in chew- 
ing tobaccos with lesser amounts used in snuif, pipe mixtures, and exports. One 
Sucker also finds limited use in serap-filled cigars. Sun-cured derives its name from 
the former practice of hanging the tobacco in the sun during a part of the curing process. 
[tis used in the manufacture of plug chewing tobacco. 

Fire-Cured. The fire-cured types are grown on fertile soil, spaced widely, and 
topped low in order to produce a heavy-bodied leaf. They are smoked over slow- 
burning fires during curing. Their principal use is in the manufacture of snuff, but 
there is a limited export trade with Afvica in the unusual product known as Black Fat, 
or Dark African, which results from a drastic processing of the fire-cured and One 
Sucker types. Small quantities are used in the manufacture of Halian-Lype cigars. 

Cigar tobaccos consist of three kinds according to usage in vigar manufacture. 
These are: filer, which makes up the ‘‘bunch,” the bull of a cigar; binder, leaf of 
good size, flexibility, strength, and combustibility, used to form the buneh and hold it 
in shape; and wrapper, thin leaf of good strength, elasticity, and appearance, used as 
the outer covering. In general, each of the three kinds constitutes a type or types 
grown especially for the purpose, although a certain amount of binder may be selected 
from filler types and from wrappers. Tiller tobaccos never make satisfactory wrap- 
pers and, conversely, wrappers do not make good filler. Cigar tobaccos are grown 
extensively in the West Indies, being first grown in Santo Domingo and later in Cuba, 
whose soils and climate combine with cultural and curing practices to produce the 
world’s most aromatic cigar tobaccos. Puerto Rican tobaccos, shipped into the U.S. 
chiefly for cigar filler, are similar to Cuban fillers, but are much milder and less aro- 
matic. Although sometimes used alone, with binder and wrapper from other sources, 
these tobaccos are generally blended with other filler types. 

Soon after 1800, the production of cigars and of cigar leaf began in the U.S., 
originating in the Connecticut Valley and to some extent in Pennsylvania. Cigar 
factories were opened in Suffield and East Windsor, Connecticut, in 1810, using locally 
grown tobacco. Witb the increase in cigar production, a more suitable type, Maryland 
Broadleaf, was introduced about 1833. From this developed Connecticut Broadleaf, 
a binder type in present use. The second Connecticut binder type, Havana Seed, 
originated shortly after the Civil War with seed introduced from Cuba. From these 
beginnings grew the highly specialized cigur-type producing areas. Using Connecti- 
cut Havana Seed, a binder-growing section was developed in Wisconsin, which now 
vies with Connecticut in production of this type. Likewise with seed from Connecti- 
cut, the filler-producing arcas of Pennsylvania and Ohio were flourishing by 1900. 
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The most highly specialized type of tohaceo is the cigar wrapper, which in the 
U.S. is grown only in the Connecticut Valley and ina small area of north Florida and 
south Georgia. Around 1900 certain growers of the Florida area began to grow the 
leaf under slat or cheesecloth shades. This innovation was rapidly adopted for grow- 
mg wrapper in both Florida and Connectient and ultimately beeame the only method 
of growing this type, which is new called shade-grown, 

Tn addition to cigar tobaccos trom the West Lndies, important types are imported 
from the Philippines and the tropical iskunds of Sumatra and Java. 

Other Types. Miscellaneous types of minor importance include Perique, grown 
in Louisiana and used for flavoring pipe mixtures; Latakia, imported from Syria for 
use in some cigarets and pipe mixtures; and Ceorgia-Florida sun-grown, a cigar binder 
type. 

Tables IT and TIT show exports and imports of major types of tobaeee (29). 


TABLE UL. Production and Exports of Major Types of Tobacco. 
(Miltions of pounds, crop year basis.) 











Exports, 


Production estimated farm sales weight 




















Type 17-51 Gav.) 1h52° 1947-51 (ny.) 
Flue-cured, types JI-L4..... 0.0... 1,246 1,305 423 
Burley, type blo... 0... eee 553 650 34 
Maryland, type 32..........0...05 34 40 8 
Dark air-cured, types 35-87........ 34 34 9 
Fire-cured, types 21-24. .0......... 70 58 34 
Cigar leal, types 41-62".00.00000.. 141 107 8 
Puerto Rican filler, type 46........ 27 34 3 








* Preliminary. 
4 Tixelucles Puerto Riean. 


TABLE IM. Imports of Major Classes of Tobacco. 
(Millions of pounds, fisenl year hasis,) 


Imports 




















Class 1948-49 to 1951-52 (av,) 1952-334 
Turkey... cc eee eee AY 56 
WT@COG. tee ree eee eee LL 15 
Total eigaret leaf... ee 70 78 
Total cigar leaf... 0.0.0.0. 06... ee 23 28 








2 Preliminary. 


Chemical Composition of Major Types 


The four major cigaret, types of tobacco, flue-cured, Burley, Maryland, and Turk- 
ish, exhibit. characteristic differences in leaf composition as shown in Table LV. 
Flue-cured, types Li-14, is characterized by high carbohydrate and relatively low 
nitrogen and mineral contents. Malic acidis the principal nonvolatile acid and gluta- 
mine the principal amide. Burley, type 31, has considerably less carbohydrate 
and more nitrogen and mineral matter than flue-cured and is intermediate in 
chemical composition between Maryland and the cigar types. Maryland has a 
high carbohydrate content but very little reducing sugar. It is further charac- 
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terized by a low nitrogen content as compared with other air-cured types. Its mineral 
content approaches that of Burley. 

Turkish tohacco shows characteristic varintions among types and districts (18). 
It has a moderate level of reducing sugars which is, typically, about half that of flue- 
cured. The nicotine content is lowest of the cigaret, types and represents a relatively 
small fraction of the total nitrogen. The volatile oils and resins are abundant and 
have intense and characteristic aroma. The resins differ from those of other types in 
their higher content, of esters of fatty acids containing five and six carbon atoms. 


TABLE TV. Representative Analyses of Cigaret Tobaccos, 
(Leaf web after aging, moisture-free basis.) 








Flue-cured, ~ Burley, Marylund, 
Component type 13 type 31 type 32 Turkish® 
Total volatile bases as ammonia, %...... (0). 282 0.621 0.366 0.289 
Nicotine, ow. eee 1.93 2.91 1,27 1.05 
Ammonia, Yen. ccc ees 0.019 0.159 0,180 0.105 
Glutamine us ammonia, %. 0.0... .06060. 0.033 0.035 0.044 0,020 
Asparagine as ammonia, %............. 0.025 Q. 111 0,016 0.058 
a-~Amino nitrogen us ammonia, %....... 0.065 0.203 0.075 0.117 
Protein nitrogen as ammonia, %........ 0.91 L.77 L.6L 1.19 
Nitrate nitrogen ne NOy, %-..... 2.2... Trace 1.70 0.087 Trace 
Total nitrogen as ammonia, %.......... 1.97 3.96 2.80 2.05 
9 6 fds 5.80 6.60 4.90 
Total volatile acids as acetie acid, B..... 0.158 0.408 0,090 0.194 
Formic acid, Go... eee 0.059 0.027 0,022 0.079 
Malio avid, Fo... eee 2.83 6.75 2.48 3,87 
Citrie acid, Yee ee 0.78 8.22 2.98 1.03 
Oxalie acid, Ho... ee eee OBL 3.04 2.79 3.16 
Volatile oils, %.. ee eee 0.148 0,141 0.140 0.248 
Aleohol-soluble resins, %..........0.... 9.08 9 27 8. 9+ 11,28 
Reducing sugars as dextrose, %..... 0... 22.09 0.21 0.21 12.39 
Pectin as calcium pectiute, %........-.- 6.19 9.91 12,14 6.77 
Crude fiber, %... cee eee 7.88 9.29 21.79 6.43 
ASH, Bic ccc cee cae ee eee 10.81 24,53 21.98 14.78 
Caleium as CaO, %.ncc eee eee 2.22 8.01 4,79 4.22 
Potassium as KO, %..... 6 eee 2.47 5.22 4.40 2.33 
Magnesium as MgO, %............ 0.36 1.29 1.08 0.69 
Chlorine a8 Cl, %... ec ee 0.84 0.71 0,26 0.69 
Phosphorus as P20;, %............. 0.51 0.57 0.58 0.47 
Sulfur as 80s, %. 0... eee ee 1,23 1.98 3.84 1.40 
Alkalinity of water-sol. ash’ ...... 02.0.0, 15.9 36.2 36.9 22.5 





* Blend of Macedonia, Smyrna, and Samsun types. 
> Ml, of 1 N acid per 100 g. tobacco. 


Large variations oecur within each individual type not only from farm to farm, 
but from year to year. Seasons of insufficient rainfall produce crops that are high in 
nicotine and total nitrogen. Variations appear in leaf composition among types of 
flue-cured, depending on the area in which they are grown. Type 11, grown in the 
heavier soil of the Piedmont area, usually contains more nitrogen and less carbo- 
hydrates than Type 13 grown in the lighter soil of South Carolina. 

The dark air-cured types are coarser, gummier, and stronger than Burley and are 
characterized by a high nitrogen content, especially the nicotine fraction. Cigar types 
are generally characterized by a high nitrogen and mineral content and a low carbo~ 
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hydrate level. Citrie acid is the predominant nonvolatile organic acid and asparagine 


is generally the predominant amide. Analyses of various cigar types are shown in 
Table V, 


TABLE V. Representative Analyses of Cigar Tobaccos. 
(Leaf web after fermentation, moisture-free basis. ) 

















Couneativut Northern Pennsyl- Puerto 
shade-grown Wisconsin vunta Riean Cuban Sumatra 
Wrapper, binder, filler, filler, filler, 
Component type Ht type 45 type 41 type 46 type 8t 
Total volatile bases as ammonia, 

a 12:3 1.055 0. 87+ 6,707 1.478 0,670 
Nicotine, Bo... . ee LAz 2.68 2.04 0.90 2.23 1.42 
Ammonia, %. 0.0.0.0... 0005 0.914 0.575 0.405 .348 1.012 0.313 
Total amide as ammonia, %... 0,225 0.199 0 165 0. 264 Q).232 0.208 
Protein nitrogen as ammonia, % 2.20) 2.14 2 88 3.20 2.81 3.01 
Total nitrogen as ammonia, %.. 5.78 4.75 BAG 4.05 5.88 5.17 
DELL. kee eens 6.27 6.38 6.10 7.21 6.56 7.25 
Ash, Go... ccc cee eee 23.74 2+ 4-4 21.50 22.45 22.57 22.54 
Alkalinity of water-soluble ash*™ 90,4 45.5 47.0 62.7 43.0 3.6 





Tobacco Grades 


The tobacco plant produces leaves of distinctly different appearance and character, 
depending upon their position on the stalk. The lower leaves of the plant are “luggy” 
and the upper leaves are “leafy.” Differentiation within these groups varies in degree, 
depending upon the type. Also the nomenclature varies with type. In flue-cured, 
the farm grades are known as érash or primings, lugs, leaf, and ips (6). With ascending 
stalk position, Burley falls into flyings, trashes, lugs, bright leaf, red leaf, and tips (24). 
The distribution of these grades may he markedly influenced by the weather and culti- 
vation practices (6). 

The center of the flue-cured plant produces leaf which is generally lighter in color 
and more hygroscopic. The sugar content is normally higher, whereas total nitrogen 
and nonvolatile organic acids are normally lower in the center leaves. The nicotine 
content is generally higher in the upper portion of the plant. The pH and mineral 
content decrease with successive pullings, potassium being more uniformly distributed 
than the other mineral components. The chlorine content diminishes sharply with 
successive pullings through the leaf grades. The lower leaves of air-cured types are 
normally lighter in color and more porous. The upper leaves are characteristically 
darker in color, heavier in body or density, and contain more gum. With ascending 
stalk position the leaf contains a lower proportion of mineral constituents, other than 
potassium, and a higher proportion of soluble nitrogenous components (24). The 
nicotine content attains a maximum in the leaf grades. The pH and alcohol-soluble 
resin content are highest in the lower portion of the plant. The oxalic acid’ content 
is least in the approximate center of the plant. In general, the upper leaves of the 
tobacco plant are the most aromatic, but only in Turkish does this pattern imelude the 
topmost leaves. 

The fundamental factors entering into quality of tobacco for specific purposes are 
numerous. Each such factor occurs in a wide range of gradations, with the net result 
that the number of combinations of such factors is almost limitless. Each manufac- 
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turer has an established system of grades, the specifications Jor which are usually not 
coded, but which are, uevertheless, highly stundardized. The nature of the product. will 
dictate the farm grade from which the tobacco must be derived. Within the basic 
farm grades, the tobacco buyers compete for the highest quality leaf. Long training: 
enables them to interpret observable characteristies such as color, body, conformation, 
texture, elasticity, aroma, and soundness m terms of destrability for a specifie use. In 
recent years, the Federal Government has developed an claborate system of grades, 
based on stale position, quality, and color. These grades serve as the basis for price 
reporting and price support operations. Most manufactured products are blends of 
definite proportious of several grades. The process of blending of grades, types, and 
crops has attained a high state of development in the manufacture of popular brands 
of American cigarets, 


Evaluation of Quality by Chemical Methods 


Laboratory tests, including both chemical analyses and physical measurements, 
are now widely used 10 supplement empirical methods for the estimation of tobacco 
quality. Chemical analyses of leaf stock for the control of bleuds had its beginning 
about 1933. The measurement and codifieation of quality factors is the subject of 
continuing rescarch by manufacturers and agricultural experiment stations. The 
quality of the tobacco 1s the most important factor in determining the taste quality of 
the finished product. 

The percentage of nicotine, and the portion which it comprises of the volatile 
hase fraction, has important effects on taste quality of smoking products. The com- 
bustion characteristics are important in determining the composition and palatability 
of the smoke. Tt is desirable that tobacco burn slowly and completely. Potassium 
favors the fire-holding capacity. Chlorme, sulfur, aud reduced nitrogen are wnfavor- 
able. The percentage of reducing sugars in flue-cured and Turkish tobaccos is gener- 
ally correlative with desirability for cigaret use, although at very high levels of sugar 
flue-cured has a smooth texture, dense leaf strueture, and poor fire-holding capacity 
and aroma, with resultant impairment of the taste quality. The volatile oils of to- 
bacco are the principal aromatic fraction, the total quantity of oil being less important 
than its composition. The alcohol-soluble resins of tobacco are desirable for their 
flavor and their palliative effeet in smoking products. There does not appear to be 
any natural constitnent of tobacco which is wholly undesirable, and for most compo- 
nents there are maxima above which the suitability for a given product is lessened. 
The practice of blending, which combines art and science, depends upon the balancing; 
of the nitrogenous, carbohydrate, mineral, and aromatic components in the product, 

Tn spite of great progress, there is much to be learned about the components of 
tobacco, especially the proteins, polyphenols, and essential oils. The interrelationship 
of physical and chemical characteristics of tobacco and manufacturing operations, as 
related to the nature of the smoke, is a subject of continuing study. Improved 
methods of analysis, with refined techniques for measuring the palatability of smoke, 
have contributed greatly to evaluation of technological improvements. 


Curing and Marketing 


The harvested tobacco is cured in preparation for market, usually in specially 
constructed curing barns. 
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The methods employed are classified, generally, as air-, flue-, fire-, and sun-curing. 

Air-curing is normally conducted in large barns provided with free circulation of 
air. This method is employed for Burley, Maryland, dark air-cured, and cigar types. 
With the exception of cigar wrappers, Georgia-Florida sungrown binders, and, to a 
small extent, Burley, air-cured tobaccos ave harvested by cutting the whole plant. 
The leaves are cured while still altached to the stalk. The success of the operation 
depends upon the control of relative humidity. This is accomplished by the use of 
side ventilators and, occasionally, exhaust fans. Turther eontrol may be obtained by 
open fires on the floor of the barn, a practice which has become general for cigar 
wrappers. The air-curing process usually lasts wbout four to six weeks. 

For flue-curing the barns are small, tightly constructed, and are provided with a 
system of metal pipes by means of which artificial heat may he freely applied without 
allowing smoke to come into contact with the tobaceo, A variation of this procedure 
involves the use of smokeless fuel and open-flame buruers. The leaves are detached, 
or primed, and strung on laths, before curing. The heat is usually started at 90- 
100°F. and is raised by stages up to 170-180°F. The provess requires three to five 
days for completion. 

The temperatures employed in fire-curing are intermediate between fue-curing 
and air-curing. The process involves the application of copious quantities of hard- 
wood smoke directly to the tobacco, which imparts characteristic odor and sheen. 

Sun-curing is 2 modified form of air-curing employed in astern countries and for 
domestic aromatic types. The primed leaves, threaded and strung on racks, are ex- 
posed to the sunlight; the mteusity of the sunlight may be increased by reflectant 
materials. In humid regions the tobacco is placed under cover at night and at other 
times, as needed, to protect it from rain. The sun-curing process requires several 
weeks for completion. 

The process of curing fixes the color of the tobacco, imparta finish, and contributes 
to its aromatic qualities. Much has been published regarding the curing of different 
types of tobaceo and the chemical and physical changes occurring during the various 
processes (2,7,10,14,17,18,33,84). 

The harvested tobaceo leaf, when ready for the curing barn, contuins approxi- 
mately 85% of water, the greater portion of which is lost during curing. The leaf is 
subjected to a period of starvation and gradually dies as the energy stored during ripen- 
ing is consumed or becomes nonavailable. Respiration, translocation of constituents, 
and considerable chemical transformation occur. The chemical changes, the bulk of 
which take place during the yellowing period, appear to be principally oxidative and 
hydrolytic in nature. A notable loss of dry weight results, the extent of which is 
dependent upon the type of tobacco, and the curing method employed. The loss may 
vary from 5 to 10% for flue-cured to as much as 380% for air-cured types. 

Leaf pigmentation, consisting of the plastid pigments chlorophyll, carotene, and 
xauthophyll, and the flavoneike phenolic pigments, undergoes drastic changes in 
passing from the intense green of fresh tissue to the various shades of yellow and 
brown of the cured product, The yellow color produced in the tobacco leaf during the 
yellowing stage of curing, following the degradation of chlorophyll, is due to the pres- 
ence of carotene and xanthophyll, previously masked by the chlorophyll. These 
pigments decrease as curing progresses. The final coloration of the cured product is 
the result of the formation of complex condensation and polymerization, products, 
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presumably of the melanoidin and tannin types, involving the reactions of poly- 
phenols, carbohydrates, amino acids, and proteins. 

The chemical and physical changes taking place in the stalk-curmg of Burley 
tobacco and other air-cured types are much more extensive than in flue-cured. There 
is considerable translocation of soluble constituents from leaf to stalk under these 
conditions. The proteins are hydrolyzed with a resultant increase in water-soluble 
nitrogen compounds. Ammonia increases considerably, presumably because of oxi- 
dative deamination of amino acids. <A substantial portion of the malic acid is con- 
verted to citric acid. The cured leaf is practically devoid of sugars and starch. The 
activities of the metabolic processes are considerably more extensive in stallk-curing 
than in the curing of detached leaves (38). The latter results in higher nitrogen con- 
tent and the conversion of malice acid to citric acid is less complete. The curing of 
cigar tobaccos, and other air-cured types follows this same general pattern, 

The oxidation of carbohydrates by respiration is inhibited on flue-curing as u 
result of the alteration of the cellular protoplasm and the inhibition of enzymic 
activity. Thus, the carbohydrates are ‘‘fixed.’’ Sucrose is prominent among the 
sugars of freshly cured leaf. This is almost wholly inverted during storage before 
marketing. Starch, which forms a major component of the green tissue, is almost, 
wholly hydrolyzed on curing. 

After the grower has completed the curing of his tobacco, it is sold to manufac- 
turers or processors. About 1.5 billion pounds of tobacco, including most of the non- 
cigar types, is sold annually at loose-leaf auction markets. About 10% of Maryland 
tobacco is still sold at the only surviving hogshead market, by sealed bids based on 
examination of samples from hogsheads. Cigar filler and binder tobacco, and minor 
amounts of dark types such as Kentucky and Tennessee fire-cured, are sold at the farm 
to buyers, Cigar wrappers are usually grown by dealers or manufacturers, or by 
private growers under contract. 


Preparation for Aging and Storage 


Domestic Cigaret Tobaccos. As purchased at the auction warchouse, flue-cured 
tobacco, and to a lesser extent, other types are a perishable commodity. The moisture 
content varies from basket to basket, but most of the tobacco contains so much 
moisture that it will mold and “sour” within a few weeks, if not processed. In the 
industry, tohacco at this stage is called “green,” a term which has no reference to 
color but rather to the age and condition of the tobacco. At this sbage it is unfit for 
use in mantfacture, but must first be aged. Thinner, milder grades may require only 
one year, while heavier grades may require three years, 

The first processing given green tobacco is its preparation and packing for aging. 
This is done in either of two ways, both of which result in uniform adjustment of the 
moisture content at about 10-12%. The older method is known as “redrying.” A 
typical redrying machine is 14 ft. wideand 150 ft. long and is divided into five sections, 
in which different conditions are imposed. The first three of these are drying sections, 
each having a sharp increase in temperature up to the third, in which a temperature 
of as much as 212°F. is maintained. The fourth compartment is a cooling chamber, 
through whieh fans draw fresh air to cool the tobacco. At this point the tobacco is 
very dry and brittle, but in the fifth and last compartment it passes through an atmos- 
phere humidified by steam and water sprays, which may be adjusted in such a manuer 
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that the desired amount of moisture is added uniformly to the leaf. While still warm, 
the tobacco is packed in hogsheads with the aid of a hydraulic press. The hogsheads 
will contain 800-1000 lb. each. They are constructed of thin wooden staves and the 
usual construction permits exchange of air. 

The other method of processing green tobacco which has come into prominence in 
recent years, is known as “green-stemming.”? The removal of the fibrous midrib of 
the leaf is called ‘stemming,’ which may be accomplished either before or after aging. 
Thus, green-stemming refers to stemming before aging. First, the tobacco must be 
“ordered,’’ made soft and pliable by addition of a controlled amount of moisture. 
This is done by conveying the leaf through a long tunnel-like machine equipped with 
steam and water sprays, from which the tobacco emerges in a, warm, pliable condition. 
After the stems are removed, the tobacco is passed through a “strip” dryer, which re- 
duces the moisture eoutent to the desired level for aging. The packed hogsheads, con- 
taining redried and green-stemmed tobacco, are then racked in storage warehouses for 
aging. These storages vary greatly in construction. Some have louvered sides, per- 
mitting almost unimpeded ventilation, while others are completely closed. The 
primary requirement is that the tobacco must not be subjected to excessively moist, 
stagnant air for protracted periods. 

Imported Cigaret Tobacco. Oriental, or Turkish type, tobacco is packed in 
small bales, weighing about 150 Ib. or less, and covered with closely woven burlap. 

Turkish type tobacco is not normally redried or otherwise subjected to high tem- 
peratures, nor is it stemmed. Stored in dry, closed buildings for aging, the bales are 
stacked 5 or 6 high on platforms about 8 in. above the floor, permitting ample circula- 
tion of air beneath. During the warm months of the year, new or green tobacco 
undergoes active ‘“sweating,’’ which becomes less active with age. While sweating 
is in progress, the tobacco absorbs moisture from the atmosphere and the bales swell, 
with an accompanying increase in temperature. Because of these factors, actively 
sweating bales must be turned and their positions in the stack changed at least once a 
month, the top bales going to the bottom. 

Other Types. The handling of cigar tobaccos differs greatly from the processing 
given cigaret tobaccos. They are not normally stemmed until fermentation and aging 
are complete. Variations from the above procedures occur, also, in some of the manu- 
facturing and export types of tobacco, such as dark air-cured and fire-cured. In these 
types, the tobacco is sometimes hung for air-drying instead of being machine-dried. 
Packing is accomplished with higher moisture content as a rule than that employed 
for cigaret types. Tn all export types there may be variation in moisture content on 
packing, depending on the country of destination. 


Aging and Fermentation 


AGING OF CIGARET TOBACCOS 

Unaged tobaceos will cither possess a flat, straw-like aroma or have a sharp, 
unpleasant odor characteristic of freshly dried plant material. They yield a pungent, 
irritating smoke with a harsh and bitter flavor. In order to produce a product with a 
pleasing aroma, and which gives a mild: and flavorful smoke, these tobaccos must be 
subjected to further manipulation. -For cigaret tobaccos, flue-cured, Burley, Turkish, 
and Maryland, this process ts called ‘“‘aging.”’ 

The improvement in smoking quality on aging is the result of numerous chemical 
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changes taking place, which, for the most part, remain to be elucidated. It results 
from the elaboration of aromatic components and loss or fixing of the irritating com- 
ponents. The improvement in aroma and other manifestations of the aging process 
are at the present time best evaluated by means of sensory pereeption. 

On aging, cigaret tobaccos slowly undergo a darkening in color and a loss in bright- 
ness. This ig most noticeable in flue-cured and Turkish types. Unaged tobaccos 
frequently have some residual green color due to incomplete conversion of chlorophyll 
during the curing process. ‘This is usually lessened or lost during aging, resulting in a 
more uniform color in the leaf. 

Very little of an analytical nature has been published concerning the changes oc- 
curring during the aging of cigaret tobaccos. The most extensive study has been that 
of Dixon and co-workers (9), who reported on the aging of bright tobacco over a thirty- 
month period. Darkis and Flackney (7) reported changes resulting from the aging of 
Turkish tobacco of the Smyrna type. 

The most characteristic chemical changes occurring during the aging of flue-cured, 
Buley, and Turkish tobaccos are an increase in volatile acids, including formic, and 
deereases in a-amino nitrogen and pH. Flue-cured and Turkish also show a loss of 
reducing sugars and volatile bases other than nicotine. 

Flue-cured tobacco packed at 11% moisture and aged for 2 years will usually in- 
crease 10-20% in moisture content. Burley tobacco aged under the same conditions 
shows an increase of 3~89% moisture. Turkish tobacco packed at a moisture content 
above 13% will normally decrease in moisture on aging. 

Dixon and co-workers (9) reported a loss in nicotine of 10,95% in flue-cured 
tobacco aged for 30 months. Available data on the aging of cigaret tobaccos show the 
nicotine loss to be usually in the range of 1-5%. Loss in dry weight of cigaret to- 
baccos on aging is usually less than 1%, 

Flue-cured and Burley tobaccos, upon stormy for 30 to 60 days in an atmosphere 
of 65-80% rh. and 90-110°F., exhibit the desirable changes in aroma and smoking 
quality which result from about one year of natural aging. This process of forced or 
accelerated aging is being used to some extent in the cigaret industry. 

There is a disagreement among workers in the field as to the mechanism of tobacco 
aging. The process is variously attributed to: (7) changes that result from purely 
chemical reactions among the leaf constituents; (2) changes that occur primarily duc 
to the presence of microorganisms in tobacco; and (3) changes resulting from action 
of enzymes native to the plant tissue. Frankenburg (11) discussed the disagreements 
among the various authors as to the importance of these mechanisms. The presence 
of both microorganisms and enzymes in unaged cigaret tobaccos has been reported. 


FERMENTATION OF CIGAR TOBACCOS 


There are two techniques of cigar leaf fermentation in general use, the bulk 
sweat and the case sweat. The bulk sweat, the older of the two processes, is employed 
for all shade-grown cigar wrappers, the Florida sun-grown. cigar filler and Florida 
binder leaf, fire-cured leaf for Italian cheroots, and most of the filler leaf for short- 
filler cigars. 

Preparatory (o forming the bulk, moisture is added by means of « water spray. 
The moisture content varies widely among types, grades, crops, and manufacturers. 
Tt is typically about 20-25% for wrappers and 80-40% for binders and fillers. Large 
piles or bulks of the moistened leaves are assembled to ferment or sweat. Bulks of 
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cigar Wrappers may contain 4,000 Ib. or less of tobacco; they are allowed to ferment 
until a temperature of 115-120°T", is reached. Por binclers and fillers the bulks may 
contain 20,000--40,000 Ih., and may be allowed to reach a temperature of 130°F., or 
even 150°F. Upon reaching these maximum temperatures the hulls are taken apart 
and rebuilt. As an attendant operation the hands are shaken out to replace the gas- 
eous products of fermentation with fresh air. About 5 or 6 bulkings are usually nec- 
essary for complete fermentation. 

For filler types the bulk sweat has been largely replaced by the case sweat. 
About 250-00 Ib. of leaf are packed into wooden cases and pressure is applied. These 
cases are assembled in large blocks in warehouses for the first phase of fermentation 
known as the natural sweat. Cigar binders may be given a preliminary bulk fermen- 
tation, or they may be naturally sweated in cases for several years prior to a more 
vigorous case sweat. 

At the end of the natural sweat, which requires one year or more, filler tobacco, 
and some binder tohacco, is subjected to an additional treatment called the resweat. 
For this operation the leaves are submerged in water to absorb the desired amount of 
moisture. They are then repucked in cases under pressure and stored at about 110— 
115°F., and about 60° t.h. This storage may be periodically interrupted by repacking 
and airing the leaves whenever the spomtaneous heat of the tobacco has reached its 
peak. The number of these heats varies with the crop undergoing fermentation. 
Variations in resweating procedure may include a period of 1-2 weeks forced sweat 
in rooms maintaiued at 130-150°F., or a combination of “mulling” at about 80°F, and 
forced sweat. The mulling operation is a variation of the bulk sweat in which a 
smaller mass of tobacco is used. The tobacco, at elevated moisture content, is 
stored in rooms maintained at about 80°F. The various fermentation procedures 
have been described very fully in the literature (11,14,33). 

Cigar tobacco leaves, on fermentation, show characteristic changes in odor, color, 
and texture. Initially, they have u puugent raw smell that gradually gives way to an 
aromatic, partly ammoniacal aroma. Darker shades of brown develop which lack 
the glossy luster of the unfermented Ieaves. The gummy surface layer disappears and 
the leaf acquires a velvety texture. The entire leaf becomes more tender and in- 
creasingly brittle. There is loss in dry weight which may vary from about 5% for 
wrappers up to 10-12% or more for fillers. The fire-holding capacity is usually in- 
creased and the moisture-holding capacity usually diminished. 

These changes are accompanied by generation of heat, absorption of oxygen, and 
evolution of carbon dioxide, ammonia, and methyl aleohol. Small quantities of es- 
sential oils, volatile acids, and carbon monoxide have also been found among the vapors 
in fermentation chambers. 

The nicotine content is normally reduced from 20 to 50% on fermentation. 
Only a small portion of this reduction may be ascribed to volatilization. Frankenburg 
and Gottscho (12) reported the results of experiments in which 82°% of the nicotine 
was removed. The products of nicotine breakdown were identified and evaluated as 
follows: 20 parts oxynicotine, 3 parts of a mixture of 2,3’-bipyridine and methy) 3- 
pyridyl ketone, 15 parts nicotinic acid, 30 parts water-insoluble pyridine derivatives, 
7 parts unidentified chloroform-soluble oxidation products, 18 parts unchanged nico~ 
tine, and 7 parts unrecoverable as pyridine nitrogen. 

Large amounts of ammonia are produced during fermentation. The amide 
nitrogen decreases by about the same amount. ‘During active fermentation the pH 
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increases, presumably as a result of elimination of organic acids by total oxidation and 
decarhoxylation, The final pH may be greater or less than the original, depending on 
the sequence of manipulations. The total nitrogen decreases slightly. The insoluble 
nitrogen increases. a-Amino nitrogen is sharply reduced, Ividence has been pre- 
sented which indicates that a portion of the a-amino nitrogen undergoes oxidative 
deamination with the formation of ammonia and another portion forms insoluble con- 
densation products with polyphenolic substances, The pectin’ methyl aleohol, 
polyphenols, total resins, waxes, volatile oils, pectin, and total nonvolatile acids de- 
erease. The volatile acids increase sharply. 

The mechanism and causative agents of tobaceo fermentation have becn studied 
since 1858 (11) and various theories have been advanced. The process has been said 
to be caused by the enzymes of the leaf, by bacteria, by fungi, and hy chemical changes 
oceurring without the aid of either microorganisms or enzymes. The early workers 
subscribed, generally, to the bacterial theory. In a series of papers published from 
1899 to 1901, Loew (23) showed the presence of an oxidase, a peroxidase, and catalase 
in the leaf tissues in green as well as in dricd and fermented tobacco leaves. The later 
experiments of Neuberg and Isohel (25) lent support to the enzymic theory. In 1934, 
Johnson (21), as a result, of a thorough study of fermentation of cigar tobaceo, eon- 
cluded that microorganisms, specifically fungi, may play a role in addition to the leaf 
enzymes in the fermentation, although these organisms do not necessarily appear to he 
essential to the process. 

More recently, Jensen and Parmele (20) found bacteria to be the agents which 
initiate the fermentation process in bulks of cigar leaf tobaccos, They found that the 
enzymes appearing in the fermenting leaves are of bacterial, rather than of plant 
origin, and that the enzymes are capable of producing a steady rise in bulk tempera- 
ture after the numbers of bacterial cells have started to decrease. Fraukenburg and 
Gottscho (12) reported that nonenzymic heat-stable catalysts are capable of promoting 
the fermentation of Pennsylvania tobacco to a considerable extent, 


INSECT PESTS OF STORED TOBACCO 

Tobacco in storage is subject to the attack of the cigaret beetle (Lastederma serri- 
corne ¥.) and the tobaceo moth (Nphestia elutella Hbn.). 

The adult cigaret beetle is mahogany brown and less than }4in. long. The larva 
is a hairy grub which may feed on any type of tobacco or tobacco product, although 
Burley and dark fire-cured tobaccos are seldom attacked to any appreciable extent. 

The adult tobacco moth is gray and measures about 34 in. from head to tips of the 
folded wings. The larva, a pink caterpillar, infests flue-cured and Turkish type to- 
baccos. The heaviest attack is in the grades which are high in sugar and low in 
nicotine. 

In storages where it is not feasible to seal all openings, the dispersal of contact 
insecticides in the form of mists or fogs is the only known method of control, The 
most commonly used insecticide is a mixture of pyrethrin resins (pyrethrum extract) 
in deodorized kerosene. It is directed at the adult, or flying stage, of each insect with 
the object of destroying them before their eggs are deposited. Fumigation at atmos- 
pheric pressure may be used successfully if the storage buildings can be closed and 
tightly sealed. For this purpose hydrogen cyanide gas and methyl bromide are effec- 
tive. A considerable amount of tobacco is fumigated in vacuum chambers. When 
properly conducted this process destroys all insect life. In addition to hydrogen cyan- 
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ide and methyl bromide, a mixture of ethylene oxide and carbon dioxide or a mixture 
of acrylonitrile and carbon tetrachloride may be used as fumigants. 


Manufacture 


Cigarets. The wide variations in composition of tobacco due to type character- 
istics, growing season, stalk position, and those peculiar to the individual grower and 
farm, necessitate an elaborate svstem of blending. The initial blending takes place 
at the redrying plant, or green stemmery, where the tobaccos from 25 to 50 hogsheads, 
representing all markets of a given belt, are loaded onto a moving conveyor. On 
packing for storage, samples of each grade are drawn at regular intervals for analysis — 
and determination of moisture. After aging, and stemming in the case of redried leaf, 
the moistened strips are blended and thoroughly mixed in rotating drums. Tobaeco 
from a large number of hogsheads is worked simultaneously at this stage. All grades 
and belts within a type, and usually three crop years, are represented, the formulation 
being governed by the analysis of the leaf stock. Blends of each of the 4 types are 
prepared and the types are later blended. The Burley and Maryland are usually 
intermixed and later converge with a blend of fluc-cured and Turkish to form the com- 
plete blend which is subjected to further mixing operations both before and after 
shredding. The process may include a bulking operation which permits interchange 
of soluble constituents. 

The proportions of the types and belts represented in the blend are closely 
guarded trade secrets. Flue-cured may constitute 45-75% of the blend; Burley, 
15-45%; Turkish, 65-18%; and Maryland, 1-5% (7). Some manufacturers include 
small quantities of other types such as Latakia. The bayie formula has a determining 
effect on taste characteristics and is not normally varied. 

The blend of Burley and Maryland strips may be subjected to a “casing” opera- 
tion, which consists of immersion in a warm aqueous suspension and subsequent 
wringing. The added solids, which may be 15-25% of the tobacco weight, usually 
consist principally of invert sugar, with licorice, chocolate, cocoa, a humectant, and 
other ingredients in lesser quantities. Variations of this procedure may include the 
spraying of one or more of these materials onto the Burley-Maryland blend or onto the 
complete blend before shredding. An alecholic solution of essential oils may be ap- 
plied to the blend after shredding. 

The addition of sugar to those types that are lacking in natural sugar contributes 
to the homogeneity of the blend and results in improved smoking quality. Chocolate 
and cocoa contribute flavor and a perceptible smoothing effect on the smoke, The 
humectants increase the pliability as well as the moisture-holding capacity, They 
may be added in amounts ranging from 2 to 4%. Glycerin is the most widely used 
hygroscopicagent. Diethylene glycol, triethylene glycol, propylene glycol, and sorbitol 
are used to some extent. 

Tobacco, in processing, undergoes a sequence of drying and moistening operations 
which are necessary to permit stemming, sizing, cleaning, and shredding, The con- 
ditions of drying may exert important effects on the physical and chemical nature of 
the tobacco, The fluffiness and pliability of the finished tobacco have important 
effects on the physical characteristics of the.cigaret. Improper drying will result in a 
brittle, inelastic product. Drying operations are designed to maintain the desirable 
flavor and physical qualities of the tobacco while disposing of volatile irritating sub- 
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stances. Specialized drying processes for tobacco have been the subject. of several 
patents (40-12), 

The control of moisture is a major problem in cigaret manuiacture. Vaewum 
steam chambers are generally employed for moistening tobacco in hogsheads. Steam- 
water sprays are generally employed at later stages. Conditioned atmospheres are 
necessary at various stages of manufacture; the requirements for ent storage and fabri- 
cation are especially critical for effective control of moisture. Electrical methods 
for rapid measurement of moisture are widely used. 

The fabrication and packaging of cigarets are primarily mechanical operations, 
but exact specifications, as well as accurate knowledge of composition of the materials, 
other than tobacco, are required. The cigaret paper is composed of carefully refined 
flax fiber to which about 20-25% calcium carbonate is added as a filler to regulate the 
burning characteristics and increase opacity. The paper is generally sealed with 
casein or starch adhesives. The cellophane wrapper for the cigaret package is usually 
sealed with a glycol ether. Since tobacco is particularly susceptible to contamination 
by foreign odors, great vigilance must be exercised over the atmosphere of fabrication 
areas and over the packaging materials. 

Cigars. The manufacture of cigars is next to cigarets in importance to the Lobacco 
industry, and is » much older enterprise. However, while cigaret production con- 
tinued to increase through 1952, cigar production reached a maximum. in 1930. 

Almost all cigars are produced today by semi-automatic machines, only a few of 
the most expensive braids being hand-made in the original manner. 

Cigars are made in a wide variety of shapes and sizes, but nearly all consist of 
three essential components: filler, binder, and wrapper. The pieces of tobacco 
forming the filler or core of the cigar may vary in size and length from leaf-size or ‘long 
filler,” used in the more expensive brands, to relative short “scrap” fillers used in the 
least expensive brands, The more expensive cigars are usually composed entirely of 
Cuban tobacco and are described as “Clear Havana,” while those of moderate price 
may consist of Cuban and domestic, Puerto Rican and domestic, or a combination of 
all three. The lower-priced cigars usually contain a scrap filler which is composed of 
several types of tobacco, blended in the manner of a cigaret. 

Whatever the combination of filler, binder, and wrapper, the selection of com- 
ponents that will produce a harmonious blend, and result in the desired flavor and burn- 
ing characteristics, ts a highly developed art. 

‘The manufacturing process consists, essentially, of forming the filler into the gen- 
eral shape of a cigar, wrapping it with the binder, and molding it more closely to proper 
shape, The precut wrapper is next applied, being wound spirally around the cigar and 
always with the veins running parallel to the axis of the cigar. The tip is sealed with a 
paste usually composed of gum tragacanth and sodium borate or other mold inhibitor. 

The freshly made cigars are placed in racks for shaping and adjustment of mois- 
ture, 

Before packaging, the cigars are carefully examined for imperfections and graded 
as to color so that the cigars in any one box have a similar shade. Color classifications 
are finely drawn. Inthe U.S, the five classifications in general use are: 


Claro: lightest shade 
Colorado-Claro: tight mediun 
Colorado: medium 

Colorado-Macuro: dark medium 


Maduro: dark 
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The individual cigars are usually enclosed in moistureproof ecllophane, whieh is the 
final step before packing in boxes. 

Smoking (Pipe) Tobaceo, The principal types used in the manufacture of 
smoking tohaeeo are Burley, Green River, One Sueker, and flue-cured,  Perique and 
Latakia are also used, especially in “high-grace’’ mixtures. Among, these, Burley 
is by far the most important from the standpoint of poundage. The grades employed 
are heavier-hodied, more leafy, and higher in nicotine than those used for cigarets. 
The same blending principles employed in cigaret manufacture apply. 

Smoking tobacco is usually more heavily cased than cigaret tobaccos, the added 
solids ranging from 20 to 35%. In addition to sugar, a large variety of other materials, 
such as heonec, humectants, chocolate, cocoa, various spices, and essential oils, may 
be added. 

Smoking tobacco is prepared in a variety of forms such as plug-, long-, fiue-, 
cube-cuts, and granulated, or combinations of these. 

Chewing Tobacco and Snaff. Sun-cured, Burley, One Sueker, Green River, flue- 
cnred, fire-cured, and cigar leaf serap are among the types used in the manufacture of 
chewing tobaeccos. In general, all chewing tobaecos are heavily cased and flavored. 
Saccharin is used to a limited extent in some chewing tobaccos as a sweetening agent. 
Among the various forms of chewing tobacco, plug, twist, fine-cut, and scrap are the 
best known. Plug is the predominant form. Some of these forms are also used for 
smoking just as some tobaccos produced chiefly for smoking are also suitable for chew- 
ing. 

Snuff is made from fire-cured and dark air-cured types. The leaf is usually cut 
into strips 1-2 in. wide and subjected to a very severe fermentation. [¢ is then dried 
and reduced to a powder. Most snutf products contain a considerable quantity of 
added flavors (14). 


Tobacco By-Products 


Almost every operation in the manufacture of tobacco products produces some 
waste muterial, of which stems, dust, and siftings from cleaning operations form the 
bulk. The utilization of this Waste material, which may comprise 25% or more of the 
original leaf weight, and the utilization of very low grade and damaged tobacco, is of 
considerable economic importance. 

At the present time, nicotine, normally in the form of the sulfate, is the most im- 
portant by-product derived from tobacco, It has been widely used as an insecticide, 
particularly as a contact poison for soft-bodied sncking insects; however the syuthetic 
organic phosphates have partially supplanted it in recent years. Nicotine may be 
recovered from tobacco by steam distillation of the ground waste, to which an alkaline 
aqueous solution has been added. The distillate is usually colleeted in sulfuric acid. 
Extraction with organic solvents is also practiced, the nicotine being extracted from the 
solvent by sulfuric acid. The nicotine sulfate, obtained by either method is usually 
coucentrated and marketed as a 40% solution. 

In the production of nicotine sulfate, some ammonia is usually recovered. It is 
converted to the sulfate and is usable in fertilizers. The tobacco residue from the 
extraction process containg an appreciable amount of potassium, as well as some nitro- 
gen and phosphorus. After drying, it finds use as a valuable conditioner for commer- 
cial fertilizers, . | 
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Tobacco stems are widely used in foreign countries and to a lesser extent in the 
U.S. for reincorporation in cigaret and smoking tobacco blends. Yor this purpose the 
stems, after removal, are rolled to a thickness approximately the width of the shreds 
and then eut to a width approximating the thickness of a cured leaf. Processes have 
been developed for reeonstitution of ground tobacco into a sheet for use in smoking 
products (45,46), for the production of nicotinic acid from tobacco waste (1), and for 
the extraction of rutin 443). Extracts of tobacco stems ald waste have been used to a 
limited extent for flavoring low-grade tobaccos, particularly in Germany. The use of 
tobacco waste for the manufacture of an insulating board (39) and for the recovery 
of organic acids and pectin has been investigated but has not come into commercial 
use, 


Nature of Tobacco Smoke 


Tobacco smoke is an aerosol consisting of millions of semiliquid particles per cubic 
centimeter of gaseous phase. The diameter of these particles varies from about 0.1 
micron to considerably over t micron with u preponderance in the 0.3-0.7-micron 
range. Upon smoking by the procedure described by Bradford and co-workers (4), 
the particulate phase from a typical domestic blended cigaret. weighs approximately 
40 mg. while the gaseons phase weighs about ten times this amount. Of the latter, 
1520 mg. is carbon monoxide and 50--90 mg. is carbon dioxide. Nitrogen and oxygen 
from the air are the principal gases present. 

Divergent results have appeared in the literature concerning the quantitative 
composition of cigaret smoke, due to differences in conditions of smoking. Tor ex- 
ample, Pyriki (26) attributed his failure to check the findings of Wenusch (35) to 
differences in technique of smoking or in the method for assaying the uicotine. The 
effects of variations in technique on the amount of nicotine transferred to the smoke 
have been shown by Jensen and Haley (19). The mechanical smoking machine de- 
scribed by Bradford, Harlan, and Hanmer (4), which simulates human smoking in a 
reproducible manuer, has done much to extend the information on smoke composition. 


TABLE VI. Composition of Cigaret Smoke. 
(In milligrama/liter.) 








Components Flue-cured. Burley Maryland : Turkish Blend 
Volatile bases us ammonia 1.18 2.29 1.69 1.02 1.55 
Nicotine 6.42 9.08 5.44 3.16 7.14 
_ Volatile bases other than nicotine 0.46 1.34 1.12 0.69 0.80 
a5 ammonia 
Volatile acids as acetic 6.19 5.33 G44 5.10 5.93 
Formic acid ‘ 1.30 1.13 L.4 0.80 1.20 
Ratio: 
volatile acids*/volatile bases 1.55 0.66 1.08 1,42 1.09 
Volatile aldehydes as acetaldehyde 5.31 17,28 8.00 3.65 7.43 
Resins A714 54.8 62.7 45.0 55.3 





* Tn equivalents. 


The tobacco from which smoke is derived is the most important factor influencing 
its composition, Characteristic differences in composition of the smoke from the four 
principal cigaret types are shown in Table VI. 
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Nicotine and ammonia are the principal bases found in cigaret smoke, and acetic 
and formie acids are the principal volatile acids. Propionic, butyric, and valeric 
acids and traces of amines are also present. 

The resin fraction consists of that material in the particulate phase which is 
soluble in chloroform and insoluble in dilute mineral acid. It includes components 
that are important from the standpoint of taste and palatability of the smoke. It also 
exerts an emollient action by serving to reduce the concentration of the more irntating 
smoke constituents. Twenty to twenty-five per cent of this fraction is a volatile, 
highly aromatic, yellowish brown oil. The remainder of the resins may be divided into 
acidic (about 20°), phenolie (about 10°), and neutral fractions. 

Many other constituents of cigaret smoke have been reported by various investi- 
gators. Among these are the following, with amounts found in the smoke of a blended 
cigaret when smoking is carried out as previously described Gn mg./liter): other 
aukaloids, trace; pyridine, 0.3; furfural, 0.36; methanol, 1.8; hygroscopic agent, 9.0; 
volatile oil, 7.5; phenol, 0.4; guaiacol, 0.05; m-cresol, 0.07; v-cresol, 0.08, 

Because of its well-known pharmacological properties, nicotine has received more 
attention in the literature than any other constituent of tohaceo smoke. It acts on the 
circulation by stimulating the autonomic nervous system. The effects on heart rate, 
blood pressure, and vasoconstriction are similar in degree to those produced by many 
other stimuli encountered during anactive day. They are evanescent in character and 
subside within 10-30 minutes following cessation of smoking. Nicotine is quite rapidly 
detoxified in the body, and day-to-day accumulation does not oecur. Quantitative 
studies have shown that virtually all of the nicotine and its metabolites are eliminated 
in the urine, about 10° being in the form of unchanged nicotine and the remainder as 
produets of biotransformation. 

Using the nicotine content of smoke as a basis, the following generalizations re- 
garding the effects of arbitrarily changing smoking procedure may be made: (J) in- 
creasing the puff volume (from 25 to 45 ml.) décreases the concentration of nicotine in 
the smoke but inereases materially the total amount obtained per cigaret; (2) chang- 
ing the duration of puff (from 1.4 to 2.6 seconds) increases the concentration of nicotine 
in the smoke and increases slightly the amount obtained per cigaret; (3) increasing 
the puffing frequency from one puff per minute to two puffs per minute decreases the 
concentration of nicotine in the smoke but materially increases the amount obtained 
per cigaret; (4) increasing the butt length decreases the evneentration of nicotine in 
the smoke and decreases the amount obtained per cigaret. 

The physical characteristics of the cigaret also play an important part: (1) in- 
creasing the weight of the cigaret decreases the concentration of nicotine in the smoke 
but increases the amount obtained per cigaret; (@) increasing the moisture content 
of the cigaret decreases the concentration of nicotine in the smoke and decreases the 
amount obtained per cigaret. 

The above considerations apply to “main stream” smoke-—that which is drawn 
into the mouth by the smoker. ‘“‘Side stream’? smoke—that which is given off from 
the end of the burning cigaret, is quite different in character. Whereas main stream 
smoke is acid with a pH, depending upon the type or character of the blend, ranging 
from 4,5 to 6.3, side stream smoke is definitely alkaline, having a pH upwards of 9.0, 
The main stream smoke from cigars is about neutral. It should be pointed out that 
pH determinations are not reliable measures of the true character of smoke because of 
discrepancies resulting from the high carbon dioxide content, high buffer. concentration, 
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and changes in composition of the smoke when various means are used to eliminate the 
effect of carbon dioxide, "They should only be used as a guide to the gencral character 
of the smoke. 

The alkalinity of the side stream smoke results from the more complete oxidation 
of the free burning tobacco with greater degradation of the combustion products. 
Ammonia is present: in relatively high concentration. 

The approximate distribution of the nicotine originally present ta the tobacco 
burned, when smoked under the conditions described by Bradford, Harlan, and Han- 
mer (4) is: main stream 20%, side streum 40%, condensed in butt 6%, destroyed 
34%. 

Cigaret smokers are generally inhalers; pipe and cigar smokers inhale to a much 
lesser degree. Using a micromethod developed by Spies (27) for determination of 
nicotine, Hillsman (16) reported a retention of 60-96% of the nicotine in main stream 
smoke by inhalers, depending upon depth of inhalation, and somewhat less than 20% 
by noninhalers, The retention of resins was slightly less. 

Recently filters aud, more particularly, filter lips have become more popular. 
Haag, Finnegan and Larson (15) reported on the effect of filters on irritation by cigaret 
smoke and, more recently, Wollman (87) made determinations of the filtering efficiency 
of various commercial-type filter tips. The tips used were primarily mechanical filters 
made from various fibrous materials such as cellulose acetate, paper, cotton, e-cellu- 
lose, and asbestos. Varying degrees of efficiency were obtained, depending upon the 
tightness of the filter and the efficiency of the material. Tobacco itself serves as an 
excellent mechanical filter. The possibility of combining mechanical filters with 
specific adsorbents, particularly for the gaseous constituents of smoke, have been ex- 
plored. Materials considered for this purpose include silica gel, active alumina, ben- 
tonite, and activated charcoal. 

The foregoing ciscussion is primarily concerned with cigaret smoke. The same 
general concepts apply to cigar and pipe smoke although quantitative and qualitative 
differences in composition may occur. 

An increasing interest in the question of the effect of tobacco on health may 
be expected to produce new knowledge through research being planned and con- 
ducted under the auspices of the tobacco industry and of various scientific organi- 
gations. Much work is in progress on the composition of smoke, using refined tech- 
niques for collection and handling. hese investigations include studies of the physi- 
cal characteristics of the aerosol, the degree of heterogenicity of the particles, the 
mechanism of formation of the aerosol, aud further exploration of the components 
responsible for irritative effects. Studies of sites of deposition of the particulate 
phase, the speed of adsorption and elimination of the smoke by the smoker are part 
of a long-range plan, one put'pose of which is to ascertain if smoking has any adverse 
affect on health. 
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TOBIAS ACID, HaNCiH SOsH. See Naphthylamincs and naphthylaminesulfonic acids, 
Vol. 9, p. 264. 

TOCOPHEROLS. See Food chemicals, Vol. 6, p. 839; Vitamins (vitamin E). 

TOILET PREPARATIONS. See Cosmetics; Perfumes, Vol. 10, p. 15; Shampoos and 
other hair preparations; Soap, Vol. 12, p. 590; Tints, hair dyes and bleaches. 

TOLIDINES, (NH.(CH,)CsH,)a, See Benztdine, Vol. 2, p. 458. 

TOLU BALSAM. Sco Fictics and expectorants, Vol. 5, p. 684; Resins, natural, Vol. 11, 
p. 681. 


TOLUENE 


Toluene (toluol, methylbenzene), CeHs;CHs, formula weight 92.1384, is a liquid hydro- 
carbon, the second member of the aromatic series beginning with benzene. Toluene 
is volatile and flammable, It is colorless, but more refractive than water. It has a 
characteristic odor like that of beuzene, but milder and slightly resembling the odor of 
balsamic resins, It derives its name from balsam of Tolu (see Vol. 11, p. 681). 
Toluene was discovered by Pelletier and Walter about 1885 in the products of dry 
distillation of natural resins containing esters of toluic acids. 

The name tolucne is approved by the International Union of Chemistry for the 
pure compound, but the commercial product is generally called toluol. Its chief 
industrial sources are petroleum and bituminous coal. Its principal uses in bulk 
are as the raw material for the explosive trinitrotoluene, as an industrial solvent, and 
as a constituent of gasoline. Other important uses are as the raw material for inter- 
mediate chemicals in making dyes, perfumes, and medicines. Typical intermediates 
made from toluene are benavic acid, benzaldehyde, vinyltoluenes, and the toluidines. 


Physical and Chemical Properties 
CONSTANTS 

Fip., ~94.991°C.; b.p., 110.625°C.; rate of change of b.p. with pressure at b.p., 
0.04630°C./mm. Hg; d?°, 0.86694; n$, 1.49693; vapor pressure at 25°C., 28.3 mm. 
Hg; vapor density (air = 1), 3.14; sp.heat (water = 1), 0.4041 at 20°C.; flash point 
(closed cup), 4.44°C.; ignition temperature, 552°C.; explosive limits with air, 1.27- 
7.0% by vol.; parachor, 245.66 at 20°C.; dielectric constant, 2.24 at 20°C.; dipole 
moment (X 10+*), 0.36. 

Table I gives the boiling points of toluene at. various pressures (9). Table II 
lists, for various temperatures, the values of viscosity, density, stwface tension; 
for 20°C, only, the values of rate of change of density with temperature, molal volume, 
molecular refraction, specific refraction, specific dispersion, and refractivity inter- 
cept (9). 

Some thermodynamic properties of toluenc are: critical temp., 320.8°C.; eri. 
pressure, 40 atm.; erit. density, 0.29 g./ml.; crit. vol., 0.32 liter/mole; entropy of 
vaporization at b.p., 20.85 e.u.; heat of vaporization at b.p., 86.8 cal./g. Other prop- 
erties of the liquid phase at 25°C. are: heat of formation, 2.867 kg.-cal./mole; en- 
tropy, 52.48 e.u.; free energy, 27.282 kg,-cal./mole; heat of combustion at constant 
pressure, 10,142.8 cal./g. gross aid 9,686.1 cal./g. net; heat of fusion, 1.582 kg.-cal./ 
mole; entropy of fusion, 8.879 e.u.; cryoscopic constant A, 0.02508 mole fraction 
per degree, and constant B, 0.0019 mole fraction per degree. 
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For calculating the purity of a nearly pure sample of tuluene from its cryoscopic 
constants, the following equation may be used: 

loww p = 2.00000 — (.1/2.30259)(178.169 — T)EL + BU78.169 — 1] 
where p is mole percentage purity aud 7’ is freezing point of the sample in degrees 


KXelvin. 


TABLE I. B.p. of Toluene at Various Pressures. 





Vapor pressure, nm. lg...... 10) 50 100 200 400 600 760 800 1000 1500 
Temperature, °C... 6.36 86.804 51.940 69.498 80.484 102.571 110.625 112.440 120.47 186.42 








Temperature, 24. 





Property 20 0 20 25 59 
Viscosity: 
Centipoise L.07 0.778 0.5866 0 5516 0.4180 
Centistoke t.18 0.8738 0.6767 OL43897 Q. 4991 
Density, g./ml, 0.9088 0, 885+ 0.8669 0.8623 0.8892 
Change of density with tempera- 
ture, g./ml,/°C. — — 0.0092 — — 
Surface tension, dvnes/cm. —_ 3092 28 53 27.92 24.04 
Molecular volume, ml./mole -- ~~ 106.275 _ —_ 
Molecular refraction — — 31.095 _ — 
Specific refraction — — 0.33740 — —_ 
Specifie dispersion, 10! (gr — re /D  — — 185.0 — ~ 
Refractivity intercept, up, — D/2 — a {.068-t6 — — 





TABLE IIL. Thermodynaniic I'unetions of Toluene for the Ideal Gas State. 





Temperature, OK. 











Function 208,16 1200 

Heat content, (H° — H9)/T, val. /deg. mole 1b. 44 41.99 
Free enerzy, (F° — Ho)/T, cal. /deg, mole —61 98 —98.77 
Entropy, 8°, eu. 76 42 140.76 
Enthalpy, #° — Ho, ent./mole 4,306 50,390 

Teat capacity, Cp, eal. /deg. mole 24.80 66.90 
Heat of formation, AH}, kg.-cal./mole 11.950 5,27 
Free energy of formation, AF’;, kg.-cal./mole 29 228 90.50 


Lquilibrium constant of formation, log Ny 


21.4236 —16 4825 





Table III gives values of thermodynamic functions of toluene for the ideal gas 
state at two temperatures (9). 

Infrared data are useful in the analysis for toluene in the prescnce of xylenes and 
ethylbenzene. For that purpose measurements of absorption are made at 13.69 
microns and at 14.07 microns, where toluene has distinctively strong and weak ab- 
sorptions, respectively. However, in the presence of benzene it is preferable to use 
the ultraviolet spectrogram for analysis. The absorption is recorded in terms of the — 
specific absorption coefficient according to Beers’ law for optical density. Measure- 
ments are made at 252.5, 254.5, and 259 millimicrons for benzene and at 267 and 268.5 
millimicrons for toluene, 
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Toluene is miscible in all proportions with alcohol, chloroform, ethyl ether, ace- 
tone, and carbon disulfide. At 16°C. its solubility in water is 0.0£7 g. per 100 ml. 
When it is distilled with steam at 760 mm. Hg the boiling point is 84.5°C, and the vapor 
contains 44.2 mole per cent water. The solubility of water in toluene is 0.15 mole 
per cent at 10°C. and 042 at 37.8°C, For tolnene the aniline point is below —30°C., 
since aniline has a [reezing point of —6°C. it is customary to measure instead the mixed 
aniline point, which, by A.S.T.M. method D LOL2, is 10°C. 


REACTIONS 

The industrially useful chemical reactions of toluene may be grouped conveniently 
into three types, in which the reagent tolucne is considered as being, respectively, 
benzyl hydride (C;H;CH.H), phenylmethane (C.HsCH;), and methylhenzene (CH;- 
CsH;). The chief class of reaction for all three types is the substitution of hydrogen. 
For instance, chlorine can be substituted for one atom of hydrogen in benzyl hydride, 
for three atoms of hydrogen in phenylmethane, and for five atoms of hydrogen in the 
benzene ring of methy!benzene. 

When substitution occurs in the ring, the industrially useful reactions are chiefly 
those yielding monosubstituted and trisubstituted products. When one hydrogen 
atom in the ring is substituted, three isomers are possible; ortho, meta, and para. 

When two like substituents, other than methyl, oceur on the ring, six isomers are 
possible. Whien three like substituents other than methyl are on the ring, six isomers 
are possible. If two unlike substituents are present, ten isomers are structurally 
possible. The multiply substituted isomers are named by assigning numbers, from 
2 to 6, clockwise, to the carbon atoms around the ring from the number one carbon 
atom which holds the methyl group. 

Chlorination. Substitution of hydrogen atoms in the methyl group of toluene is 
obtained by passing dry chlorine through boiling toluenc, preferably in sunlight, 
there being formed progressively benzyl chloride (CsHy;CH2Cl), benzal chloride (CyH,- 
CHCh), and benzotrichloride (CsH,CCl;). See Vol. 3, p. 822. 

Hydrogen atoms are substituted in the benzene ring of methylbenzene at room 
temperature by the action of chlorine in the absence of light and in the presence of a 
catalyst like iodine, phosphorus, sulfur, iron, ferric chloride, antimony pentachloride, 
or aluminum chloride. 

Monochlorination of the ring yields preferentially p-chlorotoluene and secondarily 
o-chlorotoluene. The latter is a liquid; d#° 1.08; f.p. —35°C.; b.p. 159.3°C. It is 
used as a solvent, as a dye intermediate, and in other organic syntheses. By oxidation 
with potassium permanganate it yields o-~chlorohenzoic acid, which is used as a preserva- 
tive for glues and paints and as an intermediate in the manufacture of fungicides 
and dyes, 

Sulfonation. When toluene is treated at 75°C. with sulfuric acid of 96-100% 
strength, the product is a mixture of 75% p-, 19% o-, and 6% m-toluenesulfonic acid. 
Their calcium salts are freely soluble in water; this solubility is used to free them from 
sulfurie acid because the calcim sulfate is relatively insoluble. See Toluenesulfonic 
acids. 

Nitration. Three moles of toluene treated at 60°C. with a nitration mixture of 
three moles of nitric acid and three moles of sulfuric weid yield a mixture containing 
60% o-nitrotoluene and 30% p-nitrotoluene. See Val. 9, p. 395. 

Nitration at, 70-90°C. of o-nitrotoluene yields 2,4-dinitrotoluene and 2,6-dinitro- 
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toluene; while p-nitrotoluenc yields only 2,4-dinitrotoluenc. Both products on fur- 
ther nitration vield the explosive TNT (see Vol. 6, p. 42), 2-L6-trinitrotolnene. 


Manufacture 


For the production of toluene from light oils derived from eoal and gus, see Vol, 

2, p. 428. 
TOLUENT FROM PETROLEUM 

Crude ail as reeavered from oil wells nearly abvays contains tolnene; hut only 
rarely does the concentration of toluene exeeed 1% by volume, Amoug a group of 
fifteen typical American crude oils, Conroe had 2% by volume of toluene and a mini- 
mum of 2.00% methyl cyclohexane; Kettleman Hills oil had 0.70% toliene and a 
minimum of 1.689% methyl cyelohexane; North Sweden mixture had 0.80¢% toluene 
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and 2.96% methyl cyclohexane; Tomball mixture had 1.1% toluene and 1.68°% 
methyl cyclohexane. ‘The remaining oils in the group had from 0 to 0.5% toluene. 

Tn the normal handling of ernde oil, the toluene hecomes more highly concentrated 
ina distillate, which is called prime-cut or virgin naphtha and which typically is no 
more than 20°, by volume of the original erude oil, It is possible to recover toluene 
from virgin naphtha by processes of fractional distillation, solvent extraction, and 
selective adsorption on silica gel; but on account of the initially low concentration of 
toluene, relatively large volumes of the naphtha have to be processed and therefore it 
is not usually economical to use virgin naphtha as a source of toluene directly. How- 
ever, between 1935 and 1940, several million gallons of lacquer diluent, consisting of a 
concentrate of about 70% toluene prepared from virgin naphtha, such as that frem 

Sonroe crude, by such processes of fractional separation, were used industrially. 

As early as 1918, not long after the first use of the cracking process for thermal 
decomposition of petroleum, it was known that the cracked naphthas had higher con- 
centrations of toluene than virgin naphthas, and three plants were built for making 
nitration-grade toluene from cracked naphtha. The operation was uneconomical, 
partly because the yield was only 6% and partly because the cracked uaphtha con- 
tained substantial proportions of olefinic hydrocarbous, which complicated the puri- 
fication of toluene. Newer techniques of cracking at high temperature and utilizing 
the by-products, as in the Catarole process, have improved the economies, but other 
processes are more generally used. 

Between 1928 aud 1935, the difficulty caused by olefinic hydrocarbons was over- 
come by the development of a modification of the Bergius high-pressure hydrogena- 
tion process. The new method subjected aromatic naphthas to cracking tempera- 
tures at a, total pressure of about 100 atm. with a low partial pressure of hydrogen in 
the presence of 4 catalyst. A typical raw material for the process was an aromatic 
extract from the refining of kerosine by the Edeleanu process (see Vol. 10, p. 149) of 
liquid-phase extraction with sulfur dioxide. The extract contained substantial 
proportions of higher homologs of toluene, alkylated aromatic hydrocarbons, which, in 
effect, were partly dealkylated in that process to produce toluene. Commercial 
quantities of lacquer diluent, containing about 70% toluene, were produced by that 
method; but it was found less economical than the extraction of naturally occurring 
toluene in virgin naphtha of the sort which at that time became available from crude 
ols like Conroe and Kettleman Hills, 

Hydroforming. In 1941, the modern process of hydroforming at moderate 
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pressure was fully developed and adapted to make nitration-grade toluene to fulfill a 
demand which exceeded the capacity of existing plants to supply from light oil of coal 
origin. 

The basic principle of hydroforming is to dehydrogenate methyl cyclohexane to 
methylbenzene with heat in the presence of a catalyst. Crude oils usually contain 
considerably more methylcyclohexane than toluene. The boiling points of the two 
hydrocarbons are only about 9.5°C. apart, so that both are conveniently concentrated 
in a single distillate from crude oil. Accordingly, the raw material or feed for hydro- 
forming is typically a virgin naphtha with a range of boiling points between 93°C. 
and 121°C., which includes the boiling points of the two hydrocarbons to be coneen~ 
trated. 

The feed is heated to about 500°C. at a pressure of 17 atm., first by heat exchange 
with the products leaving the reactor and then by passage through tubes heated in a 
furnace, The hot vapor of the feed is mixed with heated recycle gas, which contains 
frorh 40 to 80% by volume of hydrogen stripped from the reaction products in a gas 
separator, 

The mixture of hot vapor and gas is introduced into one of two parallel reactors, 
or rows of reactors, partly filled with a fixed bed of molybdena-alumina catalyst. 
The products of reaction are withdrawn and cooled by heat exchange with the feed, 
as mentioned above, and with water in a second heat exchanger. The partly con- 
densed products are introduced into a gas separator, whence part of the gas becomes 
recycle gas, as mentioned above, and the remainder of the gas is released as necessary 
for controlling the pressure of the system. The net production of hydrogen is about 
200 liters per liter of feed. From the bottom of the gas separator, the liquid products 
go to a distillation column, called a stabilizer, in which propane and lighter hydrocar- 
bon gases formed by thermal decomposition of the feed in the reactor are removed by 
fractionation from the stabilized liquid product, now containing all the toluene—both 
the original toluene of the feed and the toluene made by hydroforming. 

During the reaction the catalyst becomes gradually contaminated by coke, which 
impairs the catalytic activity. At intervals of about 16 hours, the feed is diverted to 
the other parallel reactor system, and then the partly spent catalyst in the first reactor 
system is regenerated by burning off the coke with air, which is diluted with some of 
the gaseous product of that combustion. 

Hydroforming is an endothermic process. In a tall reactor, with the feed enter- 
ing at one end and the product leaving at the other, there is an undesirably large drop 
in temperature from inlet to outlet. Accordingly, it is better to use two short reactors 
in series, with a reheating furnace between them, instead of one tall reactor. Since the 
flow is diverted at intervals as mentioned above, a total of 4 short reactors is used in 
the system. 

Although the chief reaction in the process is the dehydrogenation of methyleyclo- 
hexane, other reactions occur. For instance, n-heptane, which is often present in the 
feed, is partly cyclicized to toluene; but about one-fourth of the heptane is simulta- 
neously cracked to “dry gas’’ including hydrogen and hydrocarbon gases more volatile 
than butane. The maintenance of a partial pressure of hydrogen during hydroform- 
ing accounts for the relatively low formation of coke. The products of the cracking 
reaction are largely olefinic; and at the temperature of reaction, in the absence of 
sufficient hydrogen, they tend to polymerize and to accumulate upon the catalyst as 
coke, 


TOLUENE 267 


Other Re-Forming Methods. There are several commercial processes of catalytic 
re-forming based upon the principles outlined above hut differmg in technique. The 
choice of a process is determined by such variables as the nature of the feed, the ex- 
tent of re-forming required, and the sizc of the plaut to be built. our principal types 
of catalyst are used. In fluid hydroforming, the catalyst type is molybclena-alumina, 
utilized in a fluidized bed instead of a fixed hed. Platinum-type catalysts are used in 
platforming, catforming, and Houdriforming. Cobalt molybdate is used in hyper- 
forming, and chrome-alumina is used in a moving bed in Thermofor catalytic re-form- 
ing. See Petroleum (refinery processes). 

Concentration. The stabilized liquid product from hydroforming or other 
catalytic re-forming processes has an aromatic content of about 50%, which requires 
further concentration and purification when industrial-grade toluene or nitration- 
grade toluene is desired. Commercial methods of concentration include fractional 
distillation, extractive distillation, azeotropic distillation, solvent extraction, and seler- 
tive adsorption. The typical adsorbent for selective adsorption is silica gel, which 
adsorbs aromatic hydrocarbons preferentially and from which they can be recovered 
by heating or by elution. 

Commonly, some suitable eambination of two or three of the first four methads is 
used in the petroleum industry. They may be classified in two types, vapor-liquid 
and liquid-liquid. In practice they are combined to obtain maximum separation selec- 
tivities for toluene. It has been shown that the separation selectivities for liquid- 
liquid extraetion and vapor-liquid extraction are fundamentally related to the sepura- 
tion selectivity, commonly designated a, for distillation of two components under 

vondifions where the vapors behave substantially like perfect gases. The relationship 
: a@ = g, where @ is the separation seleetivity for liquid- “liquid extraction and g for 
vapor-liquid extraction (6), 

Let: Y,and Y2 be the mole fractions of two components at equilibrium in the va- 
por; X,and X.hbe their mole fractions in the liquid at equilibrium; p be the total pres- 
sure in the system; P;and P. be the vapor pressures of the two components; and y, and 
yo bethe “activity coefficients,” a measure of deviations of the liquid from ideal 
behavior. 

Then: 


pV, = ywNPiand pVe = yNePs 
but sinee by definition: 
= (¥1/¥2)(X2/%1) 
then: 
a = (mPs)/(yP2) 


When «@ = 1, an azeotrope exists. 

The ratio of the activity coefficients, 1/72, for the nonaromatic hydrocarbon corn- 
ponent and toluene, respectively, is called the “improvement factor.’ Obviously, if 
the ratio of the vapor pressures is the reciprocal of the improvement factor, an azeo- 
trope occurs; and the two components cannot be separated by distillation unless a 
third component, capable of forming another azeotrope with one of the first two cum- 
ponents, is introduced. 

Azeotropic distillation processes have been used commercially to concentrate 
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toluene to high purity after the maximum practicable concentration by ordinary 
fractional distillation has been reached. Typically, methanol is used as the azeo- 
trope former. A mixture of toluene concentrate with enongh methanol to form an 
azeotrope with the nonaromatic portion of the concentrate is fed to a fractionating 
column having 20 plates and at a reflux ratio of 20 to 1, for example. The “bottoms” 
from the column has at least 06°; toluene, which is refined to nitration grade by treat- 
ment with sulfuric acid and by redistillation in a separate still. The azeotropic dis- 
tillate from the column mentioned above contains between 53 and 70% methanol, 
which is recovered by solution in water and by distillation for re-use. The percentage 
recovery of toluene of 99° purity with each of four efficient azeotrope formers is as 
follows: 
Per cent recovery 


of toluene in feed 


Azeotrope Sormer 





Aqueous methyl] ethyl ketone... 0.00. eee 100 
Nitromethane. 0000000 cee ce eee ene 05 
Methanol. 20.0000 eee eee eas oF 

DIONANG tenn cece neg 84 


Extractive distillation may be used instead of azeotropic distillation to purify 
toluene. The solvent may be phenol, cresols, furfural, aniline, or allyl phthalates. 
Phenol is commonly used. It is fed near the top of a distillation column and flows 
countercurrently to the vapors of the toluene-containing naphtha, which is fed near 
the bottom of the column. From the bottom, a phenol extract of toluene is with- 
drawn and fed to a stripper column, from the top of which toluene is distilled and from 
the bottom of which phenol is withdrawn for re-use in the first distillation column. 

A very successful commercial method for separating nitration-grade toluene from 
hydroformed naphtha is the kguid-liguid extraction process, using liquefied sulfur 
dioxide and paraffinic “wash oil” ina twofold operation. The stabilized, fractionally 
distilled, hydroformed naphtha containing about 50° toluene is mixed with liquid 
sulfur dioxide at about —30°C. in au extraction tower, from the bottom of which an 
extract is withdrawn. The extract is a solution, in sulfur dioxide, of a mixture of 
hydrocarbons of which toluene constitutes about 70%. The other hydrocarbons in 
the extract are nonaromatie, To remove them, the extract is treated countercurrently 
in a washing tower with a wash oil, which is typically a mixture of less volatile paraf- 
finie hydrocarbons of the kcrosine type and of which a part replaces the more volatile 
nonaromatic impurity in the extract. The excess of wash oil is taken from the top 
of the washing tower to be processed for re-use. The sulfur dioxide is stripped from 
the washed extract in a solvent recovery tower, from which a mixture of toluene and 
wash oil is drawn off, This mixture is treated with 98% sulfuric acid, at the rate of 
10 or 20 pounds of acid per barrel of mixture, and then washed with caustic solution to 
neutralize any acid remaining from the previous treatment. The treated mixture 
is fractionally distilled in a re-run tower and nitration-grade toluene is recovered as the 
distillate. 

In another commercial liquid-liquid extraction process, the solvent is aqueous 
diethylene glycol. The catalytically re-formed naphtha feed does not need to be closely 
fractionated before extraction with that solvent and the extract may be a mixture of 
benzene, toluene, and xylenes, containing less than 0.2% nonaromatic hydrocarbons; 
while the raffinate, the concentrate of nonaromatic hydrocarbons, contains no more 
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than 5% aromatics. The aromatic extract is refined by treating with activated clay 
under conditions favorable for polymerizing olefinic impurities. One ton of clay has 
been used for refining a total of 336,000 gallons of aromatic extract. The three aro- 
matic hydrocarbons, benzene, toluene, aud xylene, are recovered as distillates sne- 
cessively from three {0-tray fractionating columns in series, each column being oper- 
ated at a pressure of 5 p.s.1.g. 

Separation Selectivity. The selection of a solvent for any of the four methods of 
concentrating toluene has hitherto been based wholly on empirical and economical 
considerations, However, » study of separation selectivities indicates that the choice 
of a solvent can be made on the basis of the maguitude of the deviation of its solutions 
from compliance with Raoult’s law (6). Tia solution of toluene in a solvent follows 
Raoult’s law fairly closely, while a corresponding solution of the saturated hydro- 
carbons to be separated fron: toluene departs widely from the law, the solvent ful- 
fills the basic requirement for effecting the desired separation. 

To get quantitative measures of the separation selectivities, the following pro- 
cedure is used. The partial pressures of various mixtures of the solvent with the satu- 
rated hydrocarbons are measured at the temperature at which separation is to be 
made. The ratios of the observed partial pressures of the hydrocarbons to their partial 
pressures, as calculated by Raoult’s law, are plotted against the concentrations; and 
the graph is extrapolated to the value for infinite dilution. The value of this ratio at. 
infinite dilution is called J,. The same sort of graph is made for toluene aud the ratio 
J is obtained. 

Then the separation selectivity, 8, for liquid-liquid extraction is J,//., a value 
potentially attainable whenever two liquid phases exist in the system of three liquids. 
The separation selectivity, g, for vapor-liquid extraction, is J.Ps/J?,, where P, and 
P, are the vapor pressures of the hydrocarbons being separated and where a, the sepa- 
ration selectivity for distillation, is P,/P,, on the assumptious that the mixture of 
toluene and saturated hydrocarbons, in the absence of the solvent, is a perfect solu- 
tion and that Raoult’s and Henry’s laws are applicable. 


Specifications 


The American Society for Testing Materials has issued standard specifications 
for two grades of toluene, nitration grade D8£1-50 and industrial grade D8-42-50. 
They conform with the requirements shown in Table IV, which also lists the A.S8.T.M, 


TABLE IY. Summary of A.S.T.M. Standard Specifications for Toluene. 

















ASJIM. test Nitratic m grade, Industrial grade, 
Requirement to he used Ds41-H0 2-50 
Sp.er. 15.56/15.56°C, Dsgl 0. 8690-0. 8730 0, 864-0. 874 
Acid wash color, max, no. DR48 2 4 
Acidity, max. allowable D847 None None 
HLS and §O:, max. allowable D853 None None 
Paraffins, vol, %, max. allowable D851 1.5 Not specified 
Color, max. allowable T1853 Not darker than solution of 0.0030 g. 
K,Cr.0, in J liter H,0 

Distillation range, max, allowable 1850 eC. 2°C, 

, Tneluding the Lemperature of 110.6°C. 
Copper corrosion, max. allawable Ds4a No irtdescence, nor gray, nor black de- 


posit or discoloration 
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designations of the methods of test to be used. See Vol. 2, p. 438. They serve to 
define the relative purity of the two grades of toluene, the one for nitration and other 
reactions, the other for industrial uses as a solvent. 


‘Shipping 


Commercial grades of toluene are shipped in the same type of containers as ben- 
zene (see Vol, 2, p. £35). All shipping containers must comply with specifications of 
the U.S. Interstate Commerce Commission. To each container an approved caution 
tag is to be attached. Tank cars and box cars transporting toluene must bear the 
1.C.C, “dangerous” placard; and drums and boxes must bear the I.C.C, red label for 
flammable liquids. 


Health and Safety Factors 


The acceptable limit of concentration of toluene vapor in air is 200 p.p.m., or 
0.75 mg. per liter, for workers exposed to it no longer than 8 hours daily. A lower 
concentration is desirable because at the limit there are slight impairment of coordina- 
tion and slowing of reaction time among the workers. The limit of sensory accept- 
ability, from the viewpoint of eye itritation, is 300 p.p.m.; but concentrations even 
higher than 400 p.p.m. have been tolerated by workmen without complaint, There- 
fore, sensory response is not reliable as a warning of the presence of dangerous concen- 
trations. At any given temperature of the liquids, toluene, having a lower vapor 
pressure then benzene, gives lower concentration of vapor in air and therefore pro- 
duces less poisoning, and toluene does not have the neurotoxic effect of benzene, 
However, their narcotic effects are comparable at equal concentrations. The chronic 
and cumulative effects produced by toluene are less severe and dangerous than those 
resulting from benzene. On the human skin, toluene exerts an irritant action similar 
to but stronger than that of benzene. 


Economic Aspects 


In the U\S., the plant capacity planned to be used in 1955 for producing com- 
mercial grades of toluene has been estimated at 186 million gallons per year, compared 
with actual production of about. 100 million gallons in 1951. Since 1942, the major 
source of toluene has been from petroleum, For instance, in 1944, the American petro- 
leum industry produced 105 million gallons of toluene, compared with 30 million gallons 
from coal sources. In 1949, the production of toluene from petroleum was 48 million 
gallons; and from coal sources 34 million gallons. Before 1941, the sole source of 
pure toluene was coal, Production in 1940 was 30 million gallons; in 1922, 2 million 
gallons; aud in 1918, 9 million gallons. Apart from the important demand for toluene 
to make TNT in wartime, the demand for toluene has increased steadily since about 
1925 chiefly as a result of its uses as blending agent in aviation gasoline and as a solvent 
or diluent in coating compositions based on synthetic lacquers, resins, rubbers, and 
polymers. . 

The United States Business and Defense Services Administration published the 
data in Table V showing the estimated consumption of toluene by industry for the 
years 1950 to 1952. , ; 

For 1950, the U.S. Tariff Commission estimated that the total sales of crude 
tolucne from petroleum for chemical conversion were 235,458,000 lb. with an average 
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End use Hina 1951 1952 








Total consumption 76,082 Q-+, 692 95,469 
Aviation gasoline 27,996 35,827 40,169 
Explosives 722 6,700 2-4, 496 
Chemical synthesis 13,975 18,629) 17,161 
Protective coatings und solvents 28,246 27,817 8,957 
Medicines and pharmaceuticals 1,232 1,860 1,684 
Rubber derivatives 141+ 1,390 1,404 
Dyes 852 818 630 
Petroleum refining 5A? 623 635 


Miscellaneous 1,048 1,033 333 





value of 3.2 cents per pound. In 1958, the average value was 4.1 cents per pound 
for all grades and 4.5 cents per pound for nitration grade. 
Uses 


The use to which toluene is to be put. determines the depree of purification to which 
it needs to be refined. Typical ranges of purity for important uses are as follows: 





Range of purity, % Use for toluene 
100-99 Nitration and other reactions 
98-95 Solution and dilution of resins for coatings 
Q4-75 Aviation gasoline and solvents 
7+ and less Motor gasoline blending 


Chemical. See p. 264. 

Gasoline. The chief advantage of using toluene for blending in gasolines lies 
in its high autiknock quality. Toluene is less susceptible to knock than most of the 
hydrocarbons normally present in gasoline. Tor a discussion of engine knock and the 
use of antiknock agents, see Vol. 6, p. 944. The antiknock quality of toluene is 
higher than 100 octane number. Wheu tested by A.S.T.M. method D908, toluene 
equals isooctane containing 5.8 ml. of tetraethyl lead per gallon. When tested by 
AS.T.M. method D357, toluene has the following ratings: 


MI. tetraelhyl lead/gal, toluene,.......... 0 I a 
Motor method rating, ml. TM /gal. isooctane 0.3 1.9 17 


Ju order to obtain an estimate of the contribution that toluene makes to the oc- 
tane number of a gasoline, one may use its blending octane number, which is simply 
the arithmetical contribution of a known percentage of toluene in a blend to the 
octane number of the blend, when the octane number of the material with which the 
toluene is blended is also known. For that purpose, A.P.I, project 45 has reported 
data on blends of 20% toluene and 80% of a mixture of 6 parts of isooctane and 4 
parts of n-heptane, the latter mixture having 60 octane number by definition, The 
data are the following: 
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Octane number Blending octane 

of 20%, blend nurober 
Research method, D908 72.7 124 
Motor method, D357 70.3 112 


The blending octane number for this mixture would be obtained as follows: 
0.22 + 0.8 (60) = 72.7 
«= 123.5 


For use in aviation gasoline, toluene is particularly desirable. Its antiknock 
quality is not only high when it is used in lean mixture with air as is required for eco- 
nomical operaliou under eruising conditions of aircraft using gasoline engines, but is 
also higher than for many other hydrocarbons when used in rich mixture with air as is 
yequired for maximum power under take-off conditions of aircraft. For aviation gaso- 
line, the antilock quality is measured by A.S.T.M. method D614 for lean mixture 
and by method D909 for rich mixture. A typical aviation gasoline is grade 100-130 
as defined in A.8.T.M. specification D910. The grade numbers mean that this gaso- 
line in a typical aviation engine can deliver 100% of the knock-limited power which 
pure isooctane can deliver in the same engine in lean fuel-air mixture, and in a simt- 
lar manner, 180% im rich mixture. These grade numbers are called performance 
numbers. For comparison, the performance numbers of isooctane and toluene in 20% 
concentration in grade 100-130, when the complete blend coutains + ml. of tetra- 
ethyl lead per gallon, have been calculated arithmetically to be as follows: 


Hydrocarbon 





(tested at 20% coneentration Performance numbers, esleulated for: 
with 41nl, TE L/gal.) Method Dita Method DOUG 

Tsooctane. 2... eee 53 153 

Toluene... 0. eee 102 237 


Solvents. The chief industrial application of toluene as a solvent is to dissolve 
or dilute compositions for protective coatings. The class of protective coatings in that 
definition includes not merely paints, varnishes, lacquers and euamels but also coated 
fabrics, floor coverings, wall coverings, and artificial leather. See Solvents, indusirial. 

The first important industrial use of toluene in the formulation of a protective 
coating was as the diluent for nitrocellulose lacquers, which were fully developed in the 
early 1920's for coating automobiles and other mass-produced items of consumers’ 
durable goods. 

Tn the 1930's, the plastics industry made great strides in developing synthetic 
resins for use in protective coatings. Many hard resins, both natural and synthetic, 
require the use of toluene as a solvent. Examples of resins, in the manufacture or 
application of which toluene is used as a solvent, are the alkyd resins, made from 
phthalic anhydride and glycerol, the coumarone-indene resins, the melamine resins, the 
pure and the modified phenolics made from phenol and formaldehyde, and the urea~- 
formaldehyde resins, Toluene is used for thinning vinyl organosols. It is also used 
for making rubber cements in the application of the relatively insoluble synthetic 
rubbers made with acrylonitrile, and for dissolving the inks used in printing synthetic- 
coated floor coverings and textiles. 

Toluene itself, as a standardized industrial solvent, is used in tests of other sol- 
vents, as fur example, in A.S.T.M. D268 for measuring toluene dilution ratio (see Vol. 
12, p. 660); in D1134, a test for nitrocellulose diluting power of hydrocarbon solvents; 
and D133, a test for the Kawri-Butauol value of hydrocarbon solveuts. 
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TOLUENEDIAMINES, CH;C3Hs(NH2)s. See Phenylenediamines, Vol. 10, p. 379. 
TOLUENE SUBSTITUTE, See Petroleum (products), Vol. 10, p. 167. 


TOLUENESULFONAMIDES, CH;:C,HsSOuNH:. See Sulfonamides, Vol. 18, pp. 313, 
314; Toluenesulfonie acids. 


TOLUENESULFONIC ACIDS AND TOLUENESULFONYL CHLORIDES 


Mono-, di-, and trisulfonic acids of toluene have been prepared; of these, the most 
important from a commercial standpoint are the toluenemonosulfonie acids, CH:- 
C'sFLSO3H, and the corresponding acid chlorides, toluenesulfony! chlorides, CH3- 
CsHSO.Cl. Commercial toluenesulfonic acid, produced by direct sulfonation of 
toluene with sulfuric acid, is a mixture of the ortho and para isomers with a small 
amount of the meta isomer. <A similar mixture of the sulfonyl chlorides is obtained by 
direct sulfonation with chlorosulfonic acid. 

Toluenemonosulfonic acids were first prepared by Jaworsky in 1865 by sulfonating 
toluene with sulfuric acid. The presence of two isomers in the sulfonic acid mixture 
was established in 1869 by Engelhardt and Latschinoff, and in 1870 Wolkow deter- 
mined the structures of these two isomers by fusing them with alkali. Klason, 
in 1886, and Wolleman and Caland (7), im 1911, showed by indirect means that the 
sulfonic acid mixture also contained some of the meta isomer. Beckurts and Otto 
first ehlorosulfonated toluene in 1878, and in 1879 Klason and Wallin showed that the 
sulfonation mixture contained all three isomeric toluenesulfony! chlorides. 

The toluenesulfonic acids are used as intermediates in the preparation of many 
commercially important derivatives, 


Physical and Chemical Properties 


o-Toluenesulfonie acid, CH;CsH.SO3H, formula weight 172.19, m.p. 67.5°C., 
forms a deliquescent dihydrate. This isomer is stable on heating to 100°C., but slowly 
changes to the para isomer at 140-150°C. -Toluenesuifonic acid, CH;C.H80.H, 
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formula weight 172.19, m.p. 38°C., forms a white crystalline monohydrate melting at 
106°C. Both the o- and p-toluenesuifonic acids are very soluble in water and alcohol 
and slightly soluble in benzene and toluene. The para isomer is slightly soluble in 
ether, whereas the ortho isomer is insoluble. 

o-Toluenesulfonyl chloride, CTi;C,H.80,Cl, formula weight 190.64, m.p. 11.2°C., 
by 126°C., df 1.3388, is an oil which is very soluble in most organic solvents but in- 
soluble in water. p-Toluenesulfonyl chloride, m.p. 67.4°C., bi 134.5°C., forms 
colorless triclinic or rhombic erystals, This isomer is also soluble in organic solvents 
and insoluble in water. The ortho and para isomers form a eutectic mixture, m.p. 
L.7°C., containing 17.5% para isomer. 

The chemical properties of the strongly acidic toluenesulfonic acids are in gencral 
those of aromatie sulfonic acids (see Sulfondte acids). Many salts have been described; 
most metallic salts are quite water-soluble. When heated in the presence of water 
vapor, toluenesulfonic acids decompose to give tolucve and sulfuric acid. When 
fused with excess potassium hydroxide, o- and p-toluenesulfonic acids yield the cor- 
responding cresols: 

CH; ChHSO;K + 2 KOH ———~ CH,C;H,OWK + .80; + H,0 
2 CH,CH,OK + HS80,-——> 2 CH,C,H,OH + E80, 


Oxidation of potassium toluenesulfonates with neutral potassium permanganate yields 
the sulfobenzoie acids, HOOCC.H.SO.H. 

Toluenesulfonyl chlorides are formed from the sulfonic acids and phosphorus 
pentachloride: 


CH;C;H.80:3H + PCl,-———> CHUC.AS80.Cl + POCh + HCl 


The sulfonyl ‘chlorides can be more conveniently produced by chlorosulfouation of 
toluene (see under “ Manufacture’). 

Toluenesulfonyl chlorides hydrolyze in the presence of water to give toluene- 
sulfonic and hydrochloric acids, Esters can be formed from toluenesulfonyl chlorides 
and aleohols or phenols in the preseuce of alkali: 


CH ;Ccl1,802C0]1 + CH,OH + NaOH ———~ CH,C,I,80,CH; + NaCl + H.0 


Reaction of toluenesulfonyl chlorides with ammonia or amines yields sulfonamides 
(q.v.): 
CH;C,H.80.Cl + 2 NU, ———> CH,C,H,80.NEIR -+ NILCL 


Toluenesulfonyl chlorides can be reduced with zine dust to sulfinie aeids and thiv- 
cresols. 

Further sulfonation of toluenemonosulfonic acids with oleum at. high temperature 
yields mainly toluene-2,4-disulfonic acid; sulfonation under similar conditions with 
excess chlorosulfonic acid gives mainly toluene-2,4-disulfonyl chloride. Toluene-2,4,6- 
trisulfonie acid is produced by heating potassium toluene-2,4-disulfonate at 240°C. 
with three molecular equivalents of chlorosulfonic acid. 


Manufacture 


The commercial sulfonation of toluene is accomplished according to the following 
equation: 


CTLC sy 1: USO, soe CTC oELSOgIT -b LO 
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Most commercial processes utilize some means of removing water of reaction so as to 
force the reaction to completion. Toluene sulfonates more readily than benzene and 
with concentrated sulfuric acid, even at 0°C., the reaction proceeds at an appreciable 
rate. The ortho-para ratio of the product is dependent upon the temperature of sul- 
fonation. At 0°C. the mised sulfonic acids contain 53.59% para isomer, while at 
100°C., the para isomer content increases to about 84% without appreciable change in 
the meta isomer content, which is generally qmite low (3,7). The ratio of isomers is 
not affected appreciably by variations in acid concentration (3) or by addition of 
ratalysts such as potassium, mercurous or silver sulfate, or boron trifluoride. p-Tolyl 
sulfone is often formed in small quantities as a by-product. 
CH; CsH,803H -+ CIL,CsHs; —— (CIT,C;Hi).80. + HO 


The commercial chlorosulfonation of toluene is accomplished according to the 
following cquatious: 
CILCsH, -+ CISO,H ——— CHC,IL8O,H + HCl (1) 


Hydrogen chloride formed in reaction (1) escapes From the reaction mass as 4 gas 
(6,8). Various methods are employed in the commercial processes to drive reaction 
(2) to completion. The ortho-para ratio of the product is dependent here also on the 
reaction temperature. The lower temperatures normally used in chlorosulfonation 
favor formation of higher proportions of o-tcluenesulfonyl chloride and also minimize 
formation of by-product p-tolyl sulfone. 

Use of batch processing predominates in the commercial production of toluene- 
sulfonie acids and toluenesulfonyl chlorides. See also Sudfonation and sulfation, 

Toluenesulfonic Acids. The most commonly used processes for the sulfonation 
of toluene remove water of reaction by azeotropic distillation. These processes 
climinate the use of excess sulfuric acid by maintaining a high acid concentration 
throughout the sulfonation. With careful control toluenesulfonic acids low in free 
sulfuric acid, sulfones, and disulfonie acids can be produced. 

In a typical process, the sulfonator is charged with 50- 60° sulfuric acid, which is 
heated to 120-180°C, An excess of toluene vapor, from a vaporizer, is passed through 
the acid. Unreacted toluene vapor mixed with water vapor leaves the reactor and is 
condensed. The resulting toluene and water layers are allowed to settle. The toluene 
layer is separated and, after drying, is recycled to the vaporizer for subsequent sul- 
fonation. The acid concentration in the sulfonator gradually increases until the 
evitical concentration required for sulfonation is reached. Sulfonation then begins and 
continues with the acid concentration remaining slightly above the critical limit. 
Water of reaction is removed continuously with exeess toluene vapor. The reaction is 
slopped before all of the sulfuric acid has been converted to toluencsulfonice acids 
(5,15). The progress of the sulfonation is followed by determining the acidic titer of 
the reaction mixture at suitable intervals (13). 

In another process, 90-95% sulfuric acid is gradually added to refluxing toluene. 
The temperature of the reaction mixture, which is vigorously agitated, is kept below 
115°C. by using a 50-100% excess of toluene. The vapor mixture leaving the reactor 
is condensed aud allowed to settle. The water layer is discarded and the toluene layer 
is returned to the reactor, Refluxing is continued until water present in the original 
sulfurie acid charge and 70-75% of the thearctical water of reaction have heen ve- 
woved, Theo refluxing operation requires 5-15 hours. The product contains 75-85%, 
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p-toluenesulfonic acid, 10-20% of ortho isomer, 2-5% of meta isomer, less than 1% 
unreacted sulfuric acid, and only traces of p-tolyl sulfone (20). 

In a third process, toluene is treated with sulfurie acid at atmospheric pressure 
until the reaction stops because of reduced acid concentration. The batch is then 
heated under vacuum to 150-180°C. Toluene vapors are passed through the reaction 
mass to remove water and increase the acid strength. By repeating alternately the 
sulfonation and dehydration operations it is possible to convert most of the sulfuric acid 
to toluenesulfonic acids (19). A modifieation of this process involves introducing 
liquid toluene into 80-98% sulfuric acid held above 120°C. under vacuum. The 
toluene is vaporized on contact with the acid but the reaction is rapid enough so that 
most. of the toluene is sulfonated before it passes through the acid. Under the con- 
ditions used, water of reaction is removed and acid strength is maintained. Any 
unreacted toluene is condensed and recycled (16). 

In a continuous process, toluene is sulfonated at 150°C. in a cast-iron reaction 
tower which contains baffle plates or some inert packing. Hot 98% sulfuric acid is 
allowed to flow downward through the tower while toluene vapor introduced near the 
bottom passes upward through the tower. Reaction occurs as the two matcrials con- 
tact one another. Unreacted toluene plus water of reaction leave the top of the tower 
as vapors and are condensed. ‘Toluenesulfonic acids formed are washed downward 
by descending sulfuric acid and ‘are discharged with any unreacted sulfuric acid through 
a liquid seal at the bottom of the tower (17,18). 

In another continuous process, three separate streams of materials, liquid toluene, 
98% sulfuric acid, and a recycled portion of sulfonation product, are introduced near 
the bottom of a tall reactor which is kept nearly filled with liquid reaction mixture. 
The three streams in admixture pass concurrently up through the reaction zone to the 
opposite end of the reactor. A stream of toluene vapor, introduced continuously at 
the bottom of the reactor, is removed along with water vapor at. the top of the reactor. 
The liquid sulfonation product is removed ucar the top of the reactor and a portion is 
recycled (21). 

The finished sulfonation mass usually contains dissolved toluene, which is removed 
by applying vacuum or by purging with an inert gas. The toluene-free sulfonation 
mass is sold in many cases without further treatment. 

To separate the isomers, water or cold concentrated hydrochloric acid is added tio 
the toluene-free sulfonation mass. p-Toluenesulfonic acid monohydrate crystallizes 
from the mixture. Higher yields are obtained with hydrochloric acid, in which the 
para isomer is practically insoluble. To obtain pure ortho isomer, the mother Hquor 
from tlie para isomer crystallization is cooled to —5°C. The crude, crystalline ortho 
isomer is separated from the remaining para isomer and sulfuric acid as the barium 
salt, which is soluble in hot water in contrast to barium sulfate and less soluble in cold 
water than the salt of the para isomer. Thus barium (or calcium) salts may also be 
used to separate sulfuric acid from the toluenesulfonic acids. 

Toluenesulfonyl Chlorides. In producing toluenesulfonyl chlorides, toluene is 
slowly fed into 95-100% chlorosulfonic acid contained in a cast-iron, jacketed sulfonat- 
ing vessel provided with a suitable agitator. About 3/4 parts of chlorosulfonic acid is 
used for 1 part of toluene. The excess acid used is sufficient to insure fairly complete 
conversion to the sulfonyl chlorides. The rate of toluene addition is controlled so as to 
maintain a temperature of 0-5°C. After all the toluene has been added, the reaction 
mass 1s stirred for an additional period at 5°C. 
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Larger excesses of chlorosulfonic acid, as much as 6 parts to 1 part of toluene, have 
heen recommended (4). Addition of sodium chloride to the reaction mixture, alone or 
in combination with an organie solvent such as tetrachloroethane, reduces the excess 
chlorosulfonic acid requirements hy removing the sulfuric acid formed as sodium hy- 
drogen sulfate. 

The finished sulfonation mass is quenched on ice and the crude toluevesulfony! 
chlorides are separated from the acidie aqueous phase. After washing with water, 
the mixed sulfonyl chlorides are cooled to crystallize the relatively pure p-toluene- 
sulfonyl chloride, which is removed by filtration. The liquid filtrate stil! contains some 
para isomer; a pure ortho isomer fraction may be obtained from this filtrate by dis- 
tillation. Repeating alternately the crystallization and distillation operations alfords 
a means of separating the isomers. In many instances mixtures of the sulfonyl chlo- 
rides are used without separation to produce commercially valuable derivatives; in 
other instances separation of isomers is performed after formation of derivatives. 


Grades and Specifications 


Technical toluenesulfonie acid is sold as a light greenish to blaek viscous liquid 
or semicrystalline mass, having the following specifications: toluenesulfunic acids, 
94.0% min.; sulfuric arid, 1.0% max.; water, 2.0% max.; toluene, 0.2% max. This 
technival acid is x mixture of approximately 80¢% para isomer and 20% ortho isomer. 
Tt is packed in steel drums, 

»-Toluenesulfonie acid monohydrate, which is a grayish-white to white crystalline 
material, is sold in small quantities. 

The approximate sales price for toluenesulfonic acids in 1955 was 16-17.5¢ per 
pound. 

Technical p-tolucuesulfonyl cliloride is sold in small quantities as a grayish-white 
or vellowish crystalline material having the following specifications: assay, 95% min.; 
crystallizing point, 65.5°C. min. The containers used are gumwood or paraffin-lined 
oak barrels holding 340-150 Ib. of material. 


Analysis 


Commercial toluenesnlfonie acids usually contain some sulfuric acid; in assaying 
such material on the basis of acidity, a correction for sulfuric acid content is necessary. 
Tn one method, the total acidity of a sample is determined by titrating with sodium 
hydroxide, using methyl orange indicator. A second sample of the material is dis- 
solved in water and is heated to boiling after adding a small amount of hydrochloric 
acid. Barium sulfate is precipitated from this hot sqlution with 5% barium chloride 
solution. The percentage of free sulfuric acid is calculated from the weight of barium 
sulfate. 

Technical »-toluenesulfonyl chloride is generally assayed as follows: A sample ts 
hydrolyzed by treating with aqueous-alcoholic sodium hydroxide. After aciclifying 
with nitric acid, the total chloride is determined by potentiometric titration with silver 
nitrate solution, This figure must be corrected for any free chlorides present in the 
original sample; the free chlorides are determined by suspending a second portion of 
the material in cold water with a small amount of toluene and titrating potentiometri- 
cally with silver nitrate solution. — 
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Uses 


Derivatives of the toluenesulfonie acids, prepared ith many cases via the acid 
chiorides, are considerably more important than the free acids. Thus, the toluene- 
sulfonamides and V-alkyltoluenesulfonamides, saccharin, chloramine T, alkyl toluenc- 
sulfonates, various resins, ete., all stem from the parent sulfonic acids. Relatively 
small quantities of the toluenesulfonic acids as such are used as mild acid catalysts for 
esterifications and condensations, in refining toluene, and in the manufacture of syn- 
thetic cresols. A few nitro- and amimotoluenc sulfonic acids find use as dye inter- 
mediates, 


Derivatives 


Sodium 3-chlore-p-toluenesulfonate, CH;C.H;(CD)SO,Na, formula weight 228.64, 
is prepared by chlorinating a water solution of sodium p-tolucnesulfonate at about 20- 
25°C. The product is nsed in relatively small quantities as a dye intermediate. 

Methyl »-toluenesulfonate, CH;C,EL:SO3;CHz, formula weight 186.22, m.p. 29°C., 
by 146-147°C., is readily soluble in alcoliol, benzene, or ether but is insoluble in water. 
It is prepared by treating p-toluenesulfonyl chloride with methanol in the presence 
of alkali. Methyl p-toluenesulfonate is used as a selective methylating agent. Severe 
skin irritations can result from contact with this ester. 

Ethyl p-toluenesulfonate, CH,C.H.S0;C.H,, formula weight 200.25, is a crystal- 
line material, m.p. 35°C., by 165-166°C. It has solubility characteristics similar to 
the methyl ester and is prepared from ethyl aleohol and p-tolnenesulfonyl chloride in 
the presence of alkali. Itis used as aselective alkylating agent. 

Phenyl p-toluenesulfonate, CH,C,H,S0;CsHs, formula weight 248.29, m.p. 
96°C., is prepared by reaction of sodtum phenolate with p-toluenesulfonyl chloride. 
The product has similar solubility characteristics [0 the methyl ester. It is used as a 
plasticizer. 

The o- and p-tolnenesulfonamides, CH,CsHSOeNHe, formula weight 171.22, are 
white crystalline solids (sce also Sulfonamides). The para isomer melts at 137.0°C. 
and is soluble in aleohol, slightly soluble in water and in ether, and insoluble in benzene. 
The ortho isomer melts at 156°C. and is generally less soluble in all solvents than the 
para isomer. Solubility of the sulfonamides in water is greatly mcreased in the pres- 
ence of alkali, The toluenesulfonamides are formed by treating o- and -toluenesul- 
fonyl chlorides with ammonia. Considerable quantities of refined ortho and para 
amides are used as plasticizers (q.v.) for various resins; they have unusual properties 
which are of particular value to makers of molding compositions (9). Commercially 
useful resins result from the reaction of toluenesulfonamides with aldehydes (sec 
Amino resins and plastics). p-Toluenesulfonamide yields chloramine T (the sodium 
derivative of N-chloro-p-toluenesulfonamide) on chlorination in alkaline solution 
(see Chloramines), Oxidation of p-toluenesulfonamide yields p-sulfamoylbenzoic acid, 
HOOCC,H,80.NH:, an intermediate for halazone (p-(N,N-dichlorosulfamoyl)benzoic 
acid). Oxidation of o-toluenesulfonamide yields saccharin (o-sulfobenzoie imide) 
(10) (see Sweetening agents). 

N-Ethyl-p-toluenesulfonamide, CH;CcH.SO,.NHC.H;, formula weight 199.27, 
m.p. 59°C., is prepared by treating p-toluenesulfonamide with cthyl sulfate in the 
presence of alkali or by treating p-toluenesulfonyl chloride with ethylamine. It is 
soluble in alcohols, esters, ketones, and aromatic hydrocarbons, and is insoluble in 
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water. N-Ethyl-p-toluencsulfouamide and mixtures with the ortho isomer are also 
usec! as plasticizers. 

N-Cyclohexyl-p-toluenesulfonamide, CILC USOC Hi, formula weight 
253.3-, is a white erystalline solid, m.p. 86°C. [It is soluble in aleohols, esters, ketones, 
and aromatic hydrocarbons, and is insoluble in water. This product is prepared from 
p-toluenesulfonyl chloride and cyclohexylamine and is used as a plasticizer. 

a-Aminotoluenesulfonamide (Sulfamylon), see Vol. 13, pp. 273, 280. 


NITRO AND AMINO DYL INTERMEDIATES 

5-Nitro-o-toluenesulfoniec acid (1), C;H;NOs8, formula weight 217.21, precipitates 
as colorless hydrated crystals from aqueous solutions, but they can be dried to the 
anhydrous form. The water-free crystals melt. below 130°C., the hydrated form at 
about 1380-33.5°C. The compound is readily soluble in water, alcohol, ether, and 
chloroform. It is produced by sulfonation of p-nitrotoluene (12), Over 2,000,000 Ib. 
was produced in 1953. The compound is used in large quantities in the production 
of stilbene dyes (q.v.), for example, Sun Yellow (C.7. 620), Mikado Orange (CL. 621), 
Diphenyl Orange RR (CLT. 626), Dipheny! Chrysoine G (C7. 631), and Chicago Orange 
G (CL. 638). 

4-Amino-m-toluenesulfonic acid (II), C;H »NOsS, formula weight 187.21, pre- 
cipitates from aqueous solution as colorless needles which contain one equivalent, of 
water of crystallization. The anhydrous form is produced by drying for several hours 
at 120°C, The compound does not have a definite melting point, and decomposes on 
heating in aqueous solution at 180-200°C. Tt is fairly soluble in water. It is gener- 
ally produced by the reduction of the corresponding nitro compound. About 337,000 
lb, was produced in 1953. It can also be prepared by the sulfonation of o-toluidine 
(1), or by rearrangement of the amine sulfate or acid sulfate. It is employed as an 
intermediate in the manufacture of Lithol Rubine B (CV. 163), an azo dye which is the 
basic color for the manufacture of red pigments and is known also in its purified form 
as D&C Red No. 7. 
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2-Amino-5-chloro-p-toluenesulfonie acid (III), CrHsCINO.S, formula weight 
221.5, is a white powder, difficultly soluble in water, It is produced from toluene by 
sulfonation, chlorination, nitration, and reduction (11). In 1953, 906,000 Ib. was 
produced. Itis employed as an intermediate in the production of the azo dye Lake 
Red C (CI. 165), which is employed in the manufacture of red lakes and in D&C Reds 
Nos. 8 and 9, and in the manufacture of the azo dye Lithol Red 2G (C.F. 166), also 
used in lake manufacture. . 

o-(N-Ethylaniline)-m-toluenesulfonic acid (IV), CisHyyNO,S, formula weight. 
291.36, is precipitated from aqueous solution as colorless prisms containing one mole 
of water of crystallization, Tt becomes dehydrated at about 110°C., sinters at 160- 
170°C,, and melts around 190°C. It is produced by sulfonation of ethylbenzyl- 
aniline, CeH;N(C2H;)CHeCyH;,; the product was formerly believed to be the para 
monosulfonic acid but is now considered to be chiefly the meta isomer (2a). In 1953, 
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299,000 lb. was produced. It is employed primarily in the production of triphenyl- 
methane dyes (q..), for example, Guinea Green B (FD&C Green No. 1) (CLT. 666), 
Brilliant Milling Green B (D&C Green No. 7) (CLL. 667), Erioglaucine (FD&C Blue 
No. 1, D&C Blue No. 4) (CT. 671), Acid Violet 6B (FD&C Violet No, 1, D&C Violet 
No. 1) (CLT. 697), and Formyl Violet 84B (C.7,698). Tt has also been used in azo and 
thiazine dyes in the past. 
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TOLUIDINES, CH;C,H.NHe. See Aniline, Vol. 1, p. 925; Nuitrobenzene and nitro- 
toluencs, Vol. 9, pp. 398, 399, 400. 


TOLYLENEDIAMINES, TOLUYLENEDIAMINES, CHsC,H3(NH2)o. See Phenylene- 
diamines, Vol. 10, p. 379. 


2,4-TOLYLENE DIISOCYANATE, CH:CsH:s(NCO),. See Phosgene (organic dsocya- 
- nates), Vol. 10, p. 399. 


p-TOLYL-PERI ACID, CHCeFuNHCwH SO3H. See Naphthylamines and naphthyl- 
aminesulfonie acids, Vol. 9, p. 264. 


TONERS. See Azo dyes, Vol. 2, p. 261; Pigments (organic). 

TONING, See Photography, Vol. 10, p. 576. 

TOOTH PASTE; TOOTH POWDER. See Denttfrices, Vol. 4, pp. 931, 982. 
TOPAZ, Alb(F,OH)Si0,. See Silica and silieates (mineral), Vol. 12, p. 279. 
TORBERNITE, Cu(UO).(PO,)2.8-12H,0. See Uranium. 


TRADE-MARKS 


TOSYLATION 

Introduction of a tolylsulfonyl group, CH ,CaH,SOo- specifically the para isomer. 
TOTAQUINE. See Alkaloids, Vol. 1, p. 485; Malaria chemotherapy, Vol. 8, p. 663. 
TOURMALINE. Sec Silica and silicates (mineral), Vol. 12, p. 279. 
TOXAPHENE. See Insecticides, Vol. 7, p. 896. 
TOXICOLOGY. See Industrial hygiene and toxicology. 


TOXIFERINES. See Alkaloids, Vol. 1, p. 490; St’mulands and depressants, Vol. 18, p. 39. 
TOXINS; TOXOIDS. Sce Pharmaceuticals, Vol. 10, p. 245; Serums and serology; 


Vaccines. 
TRACE ELEMENTS. See Jertilizers, Vol. 6, p. 379. 
TRACERS. See Isotopes, Vol. 8, p. 100; Radivchemistry, Vol. 11, p. 464. 


TRADE-MARKS 


A trade-mark is a picture, word, symbol, or other device by which the owner of the 
mark <istinguishes his goods from those of another. Closely allied to trade-marks, 
which are solely for products, are marks for services, marks for certification of origin or 
quality of goods, collective marks siguifying, for instance, membership in associations 
or groups, and slogans. 

Marks meeting all the requirements of the U.S. Patent Office are regis- 
trable on the “Principal Register,” those meeting only a part of those require- 
ments on the “Supplemental Register” provided the marks have been in use 
for a year. Trade-marks of all classes that are accepted for registration, both 
on the Principal Register and the Supplemental Register, are published in the 
Official Gazelle of the U.S. Patent Office (sce p. 299). (Some states also have 
trade-mark registration,) Good trade-marks are enforceable whether registered 
or not; witness the bell of the American Telephone & Telegraph Co., which was used 
for 32 years and then registered as a service mark only in 1954, after another party 
sought to register a similar mark for a telephone answering service, 

Registration of a trade-mark gives the owner-no right he did not have before. 
Registration on the Principal Register, however, is constructive notice to the public 
of claim to the ownership of the mark aud such registration creates “strong presuump- 
tion in favor of the validity of the mark” (1). 

Trade-marks may be registered for patented or unpatented products and the same 
mark, if used properly, may be protected for generations. 

The chemist, engineer, sales personnel, and executive are concerned chiefly with 
the following phases of trade-mark law and practice: (7) Choice of a mark of greatest. 
sales appeal and euforceability. (2) Use of the mark in such manner as to avoid loss 
of the exclusive right to use it. (8) Avoidance of infringement of the trade-marks 
of others. 

‘For the public, a trade-mark is a “‘merehandising short cut” to what it wants to 
buy (2). Consider the case of a high-speed filter aid used in many chemical plants. 
Without the convenience of trade-marks, the purchaser might, specify siliceous re- 
mains of marine plankton diatoms of the Miocene period, milled, calcined with x 
per cent of y flux at 2 temperature for a hours. Under the trade-mark system, the 
buyer needs only to order Hyflo or other trade-marked material of his choice. 
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Such trade-mark specification is not ouly a short cub but is also flexible. Lt 
permits the manufacturer continuously to improve his product, change it so as to give 
greater value per unit of cost, and extend his line of products with the good will created 
hy previous items. Thus the mark TCP for an additive for gasoline permits the intro- 
duction, under the same name, of additives other than the original tricresyl phosphate. 

As many as 70-95% of all people buy a wide selection of merchandise by proprie- 
tary names, the exact figure varying with the class of goods investigated (8). For 
gasoline purchasing, for example, the figure is 84%, for toothpaste 89%, and for rubber 
tires 84%. 

Although trade-marks, trade names, and brand names are not identical, many 
general considerations apply to all such marks or names. A trade-mark applies 
ordinarily to vendible goods, and a trade name relates to a business and identifies 
a producer. Other designations of products are often used in the trade as commercial 
hames. These include muriatic acid and oil of vitriol. These names do not fall into 
any of the classes men tioned, but are sometimes also called “trade names.” 


DISTINCTION BETWEEN TRADE-MARKS AND PATENTS 


Patents (q.v.) and trade-marks differ in many regards. 

Patents are directed to the substance or structure; trade-marks only to the identification under 
which goods are sold. Whether Crisco, Spry, and Swiftning are or are not the same hydrogenated 
vegctable oil shortening is unimportant in connection with trade-marks; the trade-marks are only 
the names under which the products are sold by different manufacturers. If, on the other hand, 
there were a broad patent on the product the patent owner would he in position to prevent the manu- 
facture, sale, or use of the hydrogenated oil by competitors, regardless of the name applied to it. 

A patent does not exist until granted by the Patent Office, <A trade-mark may be good and 
enforceable without being registered or ever having been filed in the Patent Office. The trade-mark 
Coppertone is an example of such a common-law trade-mark for a sun tan lotion. The mark was 
recently upheld and found to be infringed by the mark Copper Tan (4). Registration, however, is 
very desirable and is nearly wniversal for the best known trade-marks. 

A patent, to be valid, must be applied for within a year of the first commercial use or publication 
of the invention patented. A trade-mark gains strength by usc, even long use, either before or after 
application for registration in the Patent Office. 

A patent, once granted, automatically remains in force, in the absence of adverse action, until 
its expiration date. A trade-mark, to be kept in force under the new law, requires filing an affidavit 
of continuing use or satisfactory explanation for its nonuse within twelve months after the end of the 
fifth year after the original registration. 

A patent expires 17 years after its grant and, for all practical purposes, cannot be extended. A 
trade-mark registration runs for 20 years und is renewable for subsequent, repeated periods of 20 
yours each. 

A patent is freely transferable, <A trade-mark is transferable only in connection with Lhe busi- 
ness and good-will formerly associated with the mark. 

A patent is subject te licenae with little or no restriction. A trade-mark may be used by some- 
one other than the owner of the mark only when the owncr supervises or otherwise controls the 
quality of the product of the licensee, so as to preserve the quality that the public has come to associate 
with the mark, 

A patent creales the right of an inventor to exclude others from use of his invention for a period 
of 7 years. A trade-mark registration recognizes a right already created through the owner’s previous 
use of the trade-mark, 


THSTORY OF TRADIE-MARES 


The eartiesl commercial marks were predominantly pictorial; exaniples thal atill survive are 
white swan, boar’s head, and black horse. With the growth in literacy over the years, words, com- 
binations of letters, numbers, or even musical notes came into use, and now constitute a part or the 
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whole of most present trade-marke, with pictures or special forms of display often ineluded to ad- 
vintage for attracting attention. 

An early use of trade-marks hus been authenticated hy the excavations at the ancient Roman 
village of Pompeii. To identify wine from grapes grown in the rich luva soil of the slopes of Mount 
Vesuvius, the producers of the ares placed the mark Vesuvinum on the jars of their wine. Several of 
the trade-marked jars that were buried under the voleanie ash in the great eruption of A.D. 79 were 
unearthed about 1700 years later and are on display today. 

As early as the 13th century in Italy and only somewhat later in Germany, members of certain 
guilds were required to place their marks on their handicraft, as an assurance of quality of workman- 
ship. 

Tu england, the nauk of the baker on bread was required as eurly as 1266 (5), the penalty for 
inferior quality or underweight being placing the baker in a stock ine publie place, suspendiug a 
faulty loaf from his neck, and pinning his ears back (actually nailing them to the wood of the stock). 
The use of marks to distinguish traders’ goods from those of competitors was common by 1742, nud 
English trade-mark law began in the nineteenth century, The Act of 1883 permitted the registration 
of trade-marks consisting of “faucy’? words, mouning nondeseriptive terms. This is still a class of 
trade-marks permitted over the world, such words now being known usually as “faneiful,"' this term 
including invented or coined words. 


In the United States, the first trade-mark statute was enacted in 1870. It was 
held unconstitutional in 1879. Other major acts were passed in 1881, 1905, and 1920. 
A new, improved, and comprehensive trade-mark act was enacted in 1946. New 
marks come under the new law. Marks previously registered under the Acts of 1905 
and 1920 may be transferred to the more favorable registration under the new law and 
were so transferred, by reregistrations, to the number of about 30,000 during the first 
year of operation of the new law. The 1905 and 1920 trade-marks, on expiration of 
their registrations, are renewable under the new law. 

For these reasons, the subject will be here presented on the basis of the Trade- 
Mark Act. of 1946, with reference, however, to many illustrative cases decided under 
the 1905 and 1920 laws, which are still in effect. 


Selection of Trade-Marks 


A trade-mark, for commercial reasons, should be easy to read, pronounce, and 
remember; have an attention-compelling quality; and be free of undersirable connota- 
tions. The use of Socony extensively for gasoline has been discontinued partly, it is 
said, because some motorists hesitated to ask for it for fear of mispronouncing the 
first “‘o”. The following may be examples of changes made in trade-marks for easier 
pronounciation: Sitroux tissues to Sitrue, and Baume Bengué to Ben-Gay. A trade- 
mark including the picture of a baby met with poor response in China until there were 
added the words “It’s a boy.” The reader may judge for himself whether Clabber 
Girl, advertised extensively for a baking powder accessory in the South, creates at first 
a favorable or unfavorable reaction. 

For sales value in advance of extensive advertising promotion, a trade-mark 
should carry to the user associations of quality or merit or suggest what the produet is 
for or will do. 

From the standpoint of law, the mark must be: not confusingly similar to the 
mark of another for the same goods; outside the category of prohibited marks; and 
not deceptive, migleucing, immoral or scandalous. For registration on the Principal 
Register, the mark must also he nondescriptive of the goods or of the result of its use. 
Descriptive marks are registrable on the Supplemental Register and some descriptive 
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marks on the Principal Register, if they can be shown to have become distinctive for 
the goods on which used. 

When the representatives of the technical and sales staff meet in conference to 
select the name by which a product will be known in the trade, there is a tendency 
to propose names or designs that are catchy or cleverly suggestive of quality, composi- 
tion, or merit for a particular use. Such marks are desirable from the start as trade- 
marks if they are not descriptive. itis because of the immediate value of such marks 
that they are frequently found to have been adopted already by others. 

Marks Suggestive of Merit or Composition. Examples suggesting merit or use 
of the trade-marked product are Applikay for a paint to be applied over wallpaper, 
Lucite for a plastic of exceptional translucency, Nostrip for an additive to prevent 
stripping of asphalt, and, for a remote control switch for cutting off the sound of com- 
mercial announcements on television programs, the mark Blabolf. Standard, 
initially descriptive, came into use for petroleum products after a pioneeer but far- 
sighted producer introduced quality standards for the then undependable products of 
a new industry. 

Marks of this general class that have been held to be descriptive and, therefore, 
not enforceable as trade-marks are Flekdye for a fleck dye, Al-Kol for an alcohol rubbing 
composition, and Ez-Flo for an insecticide powder. Startgrolay is perhaps a border 
term, between descriptive and suggestive, for a poultry feed presumably for starting, 
growing, and laying stock. This combination of three words, which separately may be 
considered descriptive, into one word has recently been held by a court (6) to be only 
suggestive and, therefore, permissible as a trade-mark. 

Marks suggestive of the composition are illustrated by Nichrome for a nickel- 
chromium alloy, Acrylan for an acrylic fiber, Ethyl for a gasoline containing tetra- 
ethyl lead, and Chemtan for a synthetic tanning material. 

Marks Indicating Producer. Marks which are so well known that they indicate 
immediately the company which produces and in effect places its reputation behind 
the products are illustrated by Aleoa, Nabisco, Celanese, GC on the shield of General 
Chemical, and Du Pont within an oval. Another is Visquecn, a wrapping material 
of the Visking Company. Prestone is the name chosen for ethylene glycol antifreeze 
when it was associated with the Presto-O-Lite division of Union Carbide. 

Corporate names, even when somewhat shortened by leaving off “Company” or 
“Tne.” have been denied registration in many cases. 

Names Established for Other Products. Names that are famous and distinctive 
for one product should not be chosen ordinarily for other merchandise. Tolls Royce, 
the well-known mark for an automobile, is not permissible for use by another for 
radio tubes. Waterman Fountain Pen was able to enjoin the use of Waterman ou 
razor blades, although it might not be able perhaps to prevent its use on merchandise 
as dissimilar as steam shovels. The law seeks to avoid dilution of the value of a fam- 
ous mark by its use on even somewhat dissimilar goods of another. There is a present 
contest over the use on cigars of Johnnie Walker, registered for whisky. 

The small producer who does not plan to establish acceptance by extensive ad- 
vertising is often tempted to adopt a mark of favorable connotation and of present 
value. Thus a new enterprise may select Cadillac as the trade-mark for electrical 
appliances, Lincoln for a hammer, and Hercules for a mineral water. 

Even large producers or distributors may select marks of desirable long associa- 
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tion in the public mind. Examples of such association from the days of mythology 
are Atlas for tires, Trojan for explosives, aud Mercury for automobiles. 

When the mark is weak and used already on mauy different. producers’ goods, the 
hazard in its selection by an additional producer is less than when the mark is strong. 
Thus Gold Medal and Blue Ribbon, widely used, may be adopted by another for 
goods less different than radio tubes from automobiles or razor blades from fountain 
pens. 

Fanciful Words. Invented or coined words, based on no logical derivation, arc 
much less likely than suggestive marks to have been arrived at also by others. Search- 
ers soon learn to expect that marks of obviously logical derivation have been used 
before. 

Examples of fanciful words are Velox for photographic printing paper, Amberlite 
for ion-exchange resins, and, for skim milk powder, Klim (milk spelled backwards). 

Faneiful words that, through misuse in most cases at least, have now become 
descriptive or generic and are no longer trade-marks are linoleum, dry ice, aspirin, 
ceHophane, and cola, the last representing a class of beverages including material of 
cola seed. 

A word may be fanciful for one product and generic for another. Ivory is fanciful 
and a good trade-mark for soap but descriptive for elephant tusk. 

Portmanteau Words. Portmanteau words as trade-marks are illustrated by 
the ancient Vesuvinum, formed by collapsing or telescoping the Latin words Vesuvius 
and vinum. ‘Trade-marks of this class are Vinsol for the very znsoluble plienolic frac- 
tion of rosin, Santicizer for certain Monsanio plasticizers, and Nitramon for an explosive 
containing nitrate of ammonia, 

Names of Individuals, Names that are merely surnames are not registrable on 
the Principal Register. Recently it has been held, however, that the combination of 
the first name and the last name is not merely a surname, Under this present prac- 
tice, the complete name of an individual is registrable. Thus Andre Dallioux was 
accepted whereas J. C. Higgins and Kimberly Clark were held not registrable as heing 
a surname only or a combination of surnames, fhe latter however winning registration 
because it had become distinctive of the applicant’s goods through long use. 

For a discussion of this practice and other subjects relating to developments 
under the 1946 Trade-Mark Act, see reference (6). 

Packages and Configurations. Packages, configurations, and the like are regis- 
trable only if capable of distinguishing the goods and then only on the Supplemental 
Register. Registration of the striped container of the Burgess Battery Company 
was refused on the ground that it constituted the entire ornamental background of the 
article and did not serve as a trade-mark (6). 

Pictures or Designs. Pictures or designs, either with or without words, are 
among the most effective trade-marks. The test for distinctiveness being chiefly 
the appearance, they may be expected also to be more readily registrable and stronger 
than word marks. 

Examples of well-known marks that carry pictures or designs are the bearded 
men of Smith Brothers’ Cough Drops, the Red Cross of Johnson and Johnson, and 
the Flying Red Horse of Socony Mobil. 

Sound Marks. The first sound mark to be registered, No. 523,616 in 1950, was 
made up of ‘the musical notes G, E, © played on chimes.” The registrant was the 
National Broadcasting Co., which uses the trade-mark at the beginning of its radio 
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programs. Gillette has Jong used musical tones in radio advertising of razors and 
blades, 

Marks with Paris Disclaimed. Marks containing malter in part registrable und 
in part descriptive are freqnently registrable upon disclaiming the descriptive matter as 
no part of the mark except in the association shown. 

Although descriptive or otherwise wnregistrable parts of an otherwise registrable 
mark must be disclaimed before registration on the Principal Register, the law on this 
point has not yet been interpreted for Supplemental Register marks (6). 

Secondary Meaning Words. Paris, Gold Coast, and Scotch are examples of 
geographical names that have been registered for many products aftcr having first, 
acquired secondary significance by long use in trade. Names of little known places 
such as Mulhall or Purcell may be assumed to be registrable even in the absence of 
previous establishment, of such secondary meanings. 

Misspellings and Translation. Misspellings or colloquialisms, such as Ruberoid 
for rubberoid or Bama for Alabama, do not, in the absence of having acquired second- 
ary Meanings, avoid the objection to otherwise unacceptable marks (9). Uneeda, 
although an excellent trade-mark, was originally equivalent to‘ You Need A.” 

Translations into foreign languages are equivalent to Iinglish terms. ‘‘For- 
bidden Love” has been held confusingly similar to “Le J’ruit Defendu.” 

Strong versus Weak Marks. Unless there is some very special and certain 
advantage in choosing an initially weak mark such as ‘Premier’ or “Blue Ribbon,” 
it is desirable to select a strong mark such as‘ Kodak” that does not depend upon long 
use to make it distinctive of the owner’s product. In facet a mark judged to he highly 
descriptive can never become distinctive under the law. The choice of a strong mark 
is particularly desirable in view of the rather strict requirements for acquiring second- 
ary significance by a trade-mark initially weak. 

As pointed out by Derenberg (6), registration based on such secondary meaning 
has been recently denied to a number of marks in spite of their 5 years of substantially 
exclusive use. Thus “Butter Nut” as applied to candy was held incapable of distin- 
guishing the goods. The mark was said to be descriptive if applied to candy contain- 
ing butternuts, and misdescriptive if applied to candy not containing butternuts. 
“Prefab” as applied to shelving material was held to be descriptive. The Shredded 
Wheat case (10) long ago established the law that, regardless of how long a claimant 
may have fortuitously enjoyed the exclusive use of a mark, he cannot appropriate the 
mark for his sole use if the mark is merely and clearly descriptive. 

There is another great advantage in a strong trade-mark over a weak mark. 
With a mark as strong (characteristic) as Kodak, for example, there would be reluc- 
tance on the part of a court to permit its use by another not only on the same or similar 
merchandise but also on merchandise considerably removed from the camera class. 
Thus the use of Kodak on a bicycle if poorly made might reflect upon or “dilute” in 
the publie mind the value of Kodak on its own limited class of products. ‘‘ Premier,” 
on the other hand, might be permitted on goods relatively close to mayonnaise or 
other goods for which registered. . 

Tllinois, Massachusetts, and New York now have state laws against dilution. 
The antidilution principle has long been a feature of federal practice. 

Confusing Similarity to Other Marks. <A trade-mark that so resembles another 
as to be likely to cause confusion or mistake or to deceive purchasers will be refused 
registration by the Patent Office. On the basis of confusing similarity, owners of 
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marks may oppose the registration of a mark on the Principal Register, such opposition 
to he filed during the 30-day period following publieation of the mark in the Official 
Gazelle. 

Tt is good policy to adopt nu mark that is on the border line between being and not, 
being confusingly similar to another. Even though good but misdirected prosecution 
by the attorney may bring registration of the mark in the Patent Office, continued use 
of such mark may later be held to be an infringement on the similar mark. 

Similarity preventing registration in the first place or leading to possible infringe- 
ment later may reside in likeness of (4) sound of the marks when spoken, (2) spelling, 
(3) appearance, (4) association of ideas as in the ease of Gate-House and ‘loll House, 
or (4) cadence or lilt as in the instance of Lorodo and Yodora. 

Now there is a tendency of the Court of Customs and Patent Appeals to recognize 
registrability when a mark, although similar in one or more regards such as sound or 
appearance, is not merely descriptive and shows considerable dissimilarity of meaning 
(6). Thus “Surge” was recently registered for detergent compositions over “Surf? 
for the same kind of product. Coined words, having no meaning, obviously eannot be 
distinguished by any difference of meaning, 

Illustrating marks that have been held to be confusingly similar are the following: 
Micronized to Micronex; composite mark dominated by EMI to AMI; Zae-Laec to 
Jap-A-Lac. 

It has been held, on the other hand, that Spic is not confusingly similar to Spry, 
Oaties to Wheaties, or Rustaboo (for a rust-preventive treatment) to Tabu or Taboo. 

Form of Display of Mark. Tf the decisions as to confusing similarity seem in some 
instances to be themselves confusing or inconsistent, it is to be remembered that marks 
may differ in style of label, shape, size, format, color, and pictures. All these factors 
bear on the likelihood of confusion in actnal use of the mark. The purchaser of small 
items acts quickly and upon impression. He depends ona casual glance. Yan-Cola 
was refused registration not only because of including the word “Cola”? but also be- 
cause of script and color arrangement considered likely to cause confusion with Coca- 
Cola. When marks are without doubt confusingly similar, then the other factors are 
not sufficient to provide distinction. 

Kind of Merchandise. Since the same mark may be used by different persons 
on different kinds but not on the same kind of goods, there remains the question as to 
what goods are of the same kind. 

The use of the mark V-8 on vitamins was held to be an infringement of the same 
mark owned by another for use on vegetable juice cocktail (11). 

The Ford Motor Company was able to prevent the use of the trade-mark Ford on 
an insecticide of another company. The court held insecticides to be merchandise of 
the same descriptive properties as fertilizer and other agricultural supplies to which the 
motor company had long affixed the name Ford. The defendant company was not 
helped in this action by having among its stockholders a man by the name of Ford or 
by using seript for the trade-mark instead of the block letters of the motor company. 
Any implication of the defendant that he did not seek to mislead the public as to the 
source of the goods was negatived by prominent and conspicuous reference in his ad- 
vertising literature to a birthday party for Mr. Henry Ford (12). Another factor, no 
doubt, was the fact that the mark “Ford” is a strong one. 

Other decisions on similarity of goods are summarized in part below, decisions 
that may be assumed to have depended in part on the weakness or strength of the 
marks, 
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Cosmetic hand cream is not the same kind of goods as an emulsion of medicinal 
oil for internal lubrication. Goods sold even to the same customers and over the same 
counters may sometimes be distinguished, as in this case, by difference of uses and 
structures of the products sold (13). 

Beer and wine are closely related and the mark for one may not be registered by 
another party for use ou the other beverage. 

Automobile polish and ready-mixed paint are so‘ closely related that the trade- 
mark for one may not be registered by a different person for the other (14). 

Candy and oleomargarine are different classes of merchandise (15). 


Requirements for Registration of Trade-Marks 


Principal Register. No mark by which the goods of an applicant may be dis- 
tinguished from the goods of others, Sec. 2 of the Trade-Mark Act of 1946 says, will 
be refused registration on the Principal Register on account of its nature unless it 


(a) Consists of or comprises immoral, deceptive, or scandalous matter; or matter which may 
disparage or falsely suggest 4 connection with persons, living or dead, institutions, beliefs, or national 
symbols, or bring them into contempt or disrepute. 

(b) Consists of or comprises the flag ar coat af arms or other insignia of the United States, or of 
any State or municipality, or of any foreign nation, or any simulation thereof. 

(ec) Consists of or comprises a name, portrait, or signature identifying a particular living 
individual except by his written consent, or the name, signature, or portrait of a deceased President. 
during the life of his widow, if any, except by the written consent of the widow. 

(d) Consists of or comprises a mark whieh so resembles a mark registered in the Patent Office or 
a mark or trade name previously used in the United States by another and not abandoned, as to be 
likely, when applied to the goods of the applicant, to cause confusion or mistuke or to deceive pur- 
chasers. 

(e) Consists of a mark which, (1) when applied to the goods of the applicant is merely descrip- 
tive or deceptively misdescriptive of them, or (2) when applied to the goods of the applicant is prima- 
rily geographically descriptive or deceptively misdescriptive of them, except as indications of regional 
origin may be registrable under section 4 hereof, or (3) is primarily merely a surname, 

(f) Except as expressly excluded in paragraphs (a), (b), (¢), and (d) above, nothing herein shall 
prevent the registration of a mark used by the applicant which has become distinctive of the appli- 
eant’s goods in commerce. The Commissioner may accept as prima facie evidence that the mark has 
become distinctive, as applied to the applicant’s goods in commerce, proof of substantially exclusive 
and continuous use thereof as a mark by the applicant in commerce for the five years next preceding 
the date of the filing of the application for its registration (16). 


Section 2 (f) above shows particularly how secondary meanings arise through use 
of marks. A mark that is merely descriptive, however, cannot become distinctive 
through use and cannot, therefore, become acceptable for registration on the Principal 
Register except when adequate proof has been submitted that the public has accepted 
the mark as distinctive in fact. 

Supplemental Register. For the purposes of registration on the Supplemental 
Register, a mark must have been in lawful use for a year preceding the date of filing 
of the application. The mark may be descriptive. It may consist of a trade-mark, 
symbol, label, package, configuration of goods, a surname only or whole name, word, 
slogan, phrase, surname except the name of a person without his consent, geographical 
name, numeral, or device or any combination of any of the foregoing, provided the 
mark is capable of distinguishing the applicant’s goods or services and is not forbidden 
by paragraphs (a), (b), (c), or (d) of Section 2 above (17). 

Upon a proper showing by the applicant that he has begun the lawful use of his 
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mark in foreign commerce and that he requires domestic registration as a basis for 
foreign protection of his mark, the Commissioner may waive the requirement of a full 
year’s use and may grant registration forthwith. 

The requirement of a year’s use, before filing for registration on the Supplemental 
Register, is frequently met as follows: Jie for registration on the Principal Register. 
When the registration is refused, transfer the application to the Supplemental Register. 
By that time a year of use will have passed in many cases. 

A mark registered on the Supplemental Register is not precluded by that condi- 
tion from being registered later on the Principal Register. In many cases, such trans- 
fer is desirable after five years of use of the mark in such manner as to make it distinc- 
tive of the owner’s goods, the transfer being made under the provision that acquiring 
“secondary meaning” under Section 2 (f) entitles a mark to admission to the Principal 
Register. 

Disadvantages of Supplemental Register. Registration on the Supplemental 
Register, although permissible for many marks not eligible for the Principal Register, 
is subject to a number of limitations on the value of the registration. Supplemental 
Register marks are not prima facie evidence of the registrant’s ownership, are not 
constructive notice of the registrant’s claim of ownership, do not become incontest- 
able after five years of use, may be cancelled at any time on the showing of any person 
that he is being or will be damaged, may not be involved in interference, and may not 
be filed in the Treasury Department to stop importations (18). 

These disadvantages of the Supplemental Register do not apply if the mark is 
later placed on the Principal Register. 


Kind of Marks 


Another provision of the law common in part to both Principal and Supplemental 
registers relates to the various kinds of marks (19). The marks are as follows, with 
certain comments and some examples added. 

1. Trade-marks, including any word, name, symbol, or device adopted and used 
by a manufacturer or merchant to identify his goods and distinguish them from those 
mantfactured or sold by others. (These marks are for tangible products only.) 

2. Service marks such as marks, names, symbols, titles, slogans, and like distinc- 
tive features of radio or other commercial advertising. The Bell telephone trade- 
mark is an example. 

8. Collective marks, as, for instance, marks to indicate membership in a union, 
cooperative, association, or other organization. Examples are the shield with 
“ACS” for the American Chemical Society and “EXT-DFPA” for the Douglas Fir 
Plywood Association. 

4, Certification marks used by one or more persons other than the owner of the 
mark, to certify regional or other origin, material, mode of manufacture, quality, 
accuracy or other characteristics of goods or services or that the work on the goods or 
services was performed by members of a union or other organization. An example is 
“Sanforized’’ for a fabric treatment applied by an approved group of preshrinkers of 
the fabric. 

Whenever applicable, the provisions for registered trade-marks relate also to un- 
registered or common law trade-marks and to the other forms of marks. 

Service Marks, Service marks, first authorized under the 1946 Act, are for serv- 


290 TRADE-MARKS 


jecs of an intangible nature, not goods. A mark such as “The Music You Want When 
You Want [t” of RCA applies to the records to he sold rather than an intangible sery- 
ica. Its registration was denied (6). 

Turthermore the services for which marks may be registered must enter into inter- 
state commerce. The service given in a hotel, in a single location, for instance, would 
not be considered as entering into commeree. Registration of “Lubricheck” by The 
Standard Oil Co, of Ohio, for certain services rendered by automobile service stations, 
was refused registration because it was held that the service was only intrastate (20) 
(in Ohio). 

Service marks registered by the Patent Office in 1954 include the following illus- 
trative examples: “helena rubinstein” for hair dressing and dyeing services and beauty 
culture; ‘Fir’ for marketing research; ‘‘Pyresote” for chemically treating lumber, etc. 

Slogans. Among the important new classes of marks established by the 1946 
Act are slogans. Well-known slogans, registered or unregistered, are: “Every Form 
of Chemical Service,” of Foster D. Snell, Inc.; “At General Electric Progress Is Our 
Most Important Product”; “Happy Motoring Starts at the Esso Sign’; and “The 
Fate of a Fabric Hangs by a Thread” of American Tinka. 

This last slogan, after a long contest, has been accepted on the Principal Register. 
Registration was first denied by the Patent Office but finally granted on order of the 
District Court to which appeal had been taken. In later decisions (7) the Patent 
Office has declined to follow this court decision as controlling; the slogan in the Enka 
vase, it is said, was not a sufficiently conspicuous part of the composite mark to make 
registrability of the slogan itself the sole deciding factor. Since the Enka decision, 
the Patent Office has denied registration even on the Supplemental Register to “Best 
in the Long Run” for tires, “The Best and Biggest Cigar,” and ‘America’s Most 
Luxurious Mattress.” 

A slogan, even for the Supplemental Register, requires some potential distinctive- 
ness and an elemeni; of originality or uniqueness. Phrases that are merely informative 
or laudatory do not mect the requirements for the Principal Register, an example being 
Robert Hall Clothiers’ “Why pay for overhead when you can’t wear it,’ its registration 
on the Principal Register having been denied. A slogan for feed products held to meet 
the requirements for registration, partly because of being “catchy and rhythmic,” is 
“Definite Feeds for Definite Needs” (6). 


Application for Trade-Mark Registration 


The application for trade-mark registration includes a written statement of the 
kind of goods or items on which the mark is to be used; the date of the first use on any 
one of the items; the clate of such first use in commerce subject to regulation by Con- 
gress, as among the states; a drawing of the mark as applied to the goods; five speci- 
mens of the mark, such as labels or photographs of the mark on the goods; and the 
filing fee of $25.00 for each Patent Office Class of merchandise (usually only one class) 
within which the various items fall, 

The application may be made by an individual, a firm, or a corporation. It is 
executed by the owner of the mark, that is, by the user of it, not by the one who con- 
ceived of it or first proposed its use. 

The responsibility of the executive, in connection with the application, includes 
providing five copies, with extras for the files, of specimens (facsimiles, printed labels, 
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photographs of stencil applications, or other forms) showing the mark as actually 
applied to the goods. Tf the mark is apphed by means of a label, the Inbel (modified 
in this instance to illustrate the text) may be of the style usual for the owner and in- 
clude such information as the following: 


LAMINAC 
trade-mark 
Polyester Resin 
American Cyanamid Ca., 
New York 


Care is taken to omit “registered”? in connection with the “trade-mark” on the 
labels filed with the application because the mark is not registered at the time the 
application is fled. Labels for meat products and alcoholic liquors must be approved 
in advance by the Department of Agriculture and the Bureau of Internal Revenne, 
respectively. 

The date of first use may be omitted when the registration is filed under the 
“Convention” (within 6 months of the first foreign filing) or when the mark has been 
registered abroad and a certified copy of the foreign registration is included. 

Yor registration on the Supplemental Register, it is necessary also to certify that 
the mark has been in lawful use by the applicant for the year preceding the applica- 
tion for the registration. 

A drawing is required. This is made to advantage by the professional patent or 
trade-mark draftsman. The drawing shows the mark as used on the label and also 
the name of the owner. 

Recital of Class of Merchandise. The point requiring the most consideration, 
once the mark has heen selected, is usually the description of the merchandise for 
which the mark is to be protected, Although it is not difficult ordinarily to select the 
general class of the goods in accordance with the major classes established by the Pat- 
ent Office, the choice of the particular species of merchandise within the broad class 
requires great care, Jor a material within “Class 6, Chemicals and Chemical Com- 
positions,’’ definition of the species, for instance, as dyes’? would exclude the regis- 
trant, in the absence of an additional registration, from the sole right to use the mark on 
merchandise other than dyes or closely related materials, 

The present practice is to present a list of merchandise, within one main class, to 
which the mark has been applied and for which registration is sought. 

The classes of goods and services established by the Patent Office are shown in 
Table I. 

Actions and Amendments. Ordinarily the Patent Office sends to the applicant 
several letters or actions before the mark is either accepted for publication or finally 
rejected. 

Response to each action must be made within 6 months. The response (amend- 
ment) relates usually to formalities, changes in the description of the goods to make the 
description either more definite or more restricted, disclaiming parts of marks except 
in the association shown, or the questions of descriptiveness of the mark or confusing 
similarity to a mark previously used by another. _ 

Appeal may be made to the Commissioner of Patents on final action by an Ex- 
aminer adverse to the applicant for registration and from the Commissioner to the 
Court of Customs and Patent Appeals or to the District of Columbia District Court. 
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TABLE IL. Classification of Goods and Services. 
Class no. , Title ; _ : Title 


Clasa Ta. 











1 Raw or partly prepared materials 26 Measuring and scientific appli- 
2 Receptacles ances 
3 Buggage, animal equipments, 27 Horological instruments 
portfolios, and pocketbooks 28 Jewelry and precious-metal ware 
a) Abrasives and polishing ma- 29 Brooms, brushes, and dusters 
terials 30 Crockery, earthenware, and por- 
5 Adhesives celain 
6 Chemicals and chemical com- 31 Filters and refrigerators 
positions 32 Furniture and upholstery 
7 Cordage 33 Glasaware 
8 Smokers’ articles not including od Heating, lighting, and ventilat- 
tobacco products ing apparatus 
9 Explosives, firearms, equip- 35 Belting, hose, machinery pack- 
ments, and projectiles ing, and nonmetallic tires 
10 Fertilizers a6 Musical instruments and sup- 
11 Inks and inking materials plies . 
12 Construction materiuls 37 Paper and stationery 
13 Hardware and plumbing and 38 Prints and publications 
steam-fitting supplies 39 Clothing ou, 
14 Metals and metal castings and 40 sane goods, furnishings, anc 
for eines 41 Canes, parasols, and umbrellas 
1 Oils and greases . 42 Knitted, netted and textile fub- 
16 Protective and decorative coat- ries and aubstituies therefor 
gS Ag Thread and yarn 
17 Tobacco products ; 44 Dental, medical, and surgical 
18 Medicines and pharmaceutienl appliances 
preparations 45 Soft drinks and carbonated 
19 Vehicles waters 
20 Linoleum and oiled cloth 4G Foods and ingredients of foods 
21 Electrical upparatus, machines, 47 Wines 
and supplies 418 Malt beverages and liquors 
22 Gamea, toys, and sporting goods 4 Distilled alcoholic liquors 
23 Cutlery, machinery, and tools, 50 Merchandise not otherwise 
and parts thereof classified 
24 Laundry appliances and ma- 5k Cosmetics and toilet’ prepara- 
chines tions 
26 Locks and safes 52 Detergents and soaps 
Classification of Services 
100 Miscellaneous 104 Communication 
101 Advertising and business 105 Transportation and storage 
102 Insurance and financial 106 Material treatment 
103 Construction and repair 107 TWdueation and entertainment 








Government Fees. Filing fee $25.00. 


Claiming the benefit of the new law for a mark previously filed under an old law, 
$10.00. 


Title report to accompany the request for bringing the old trade-mark under the 
new law, $1.00. 
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Publication or final registration of the mark, none. 

Filing (a) an opposition to the registration of a trademark, (b) petition for ean- 
cellation, (c) application for renewal of registration of a mark for each class of goods 
for which wanted, or (d) appeal to the Commissioner of Patents from an action of an 
Tixaminer, $25.00 each. 

For certificate of correction of registrant's mistake, $10.00. 

For copy of trade-mark, $0.10. 

For a complete statement of the many fees, see the statute (23) and Patent Office 
Rule 2,1, 


Publication, Opposition, and Interference 


When it appears to the Patent Office, more particularly to the Trade-Mark 
Examiner, that the trade-mark is acceptable for registration, the mark is published in 
the Official Gazette, This is notice to the public of the impending registration. 

When the mark is one for the Principal Register, an opposition may be filed within 
thirty days of the date of publication by one who believes that he would be damaged 
by the registration, for example, by one who owns 4 mark to which, he alleges, the 
proposed mark for the same class of goods is confusingly similar. The burden of 
proof is on the opposer. 

Oppositions, if prosecuted to a conclusion through the Patent Office, involve 
arguments as to the validity of the allegations made by the opposer and sometimes the 
taking of testimony. 

In most instances, the possibility of a settlement of the opposition should be ex- 
plored. It is possible in some cases to convince the opposer that the two marks are so 
distinguished as to avoid confusion to the pubiic, in other cases that the goods or 
services to which the marks are applied are so different that confusion will not arise. 
Perhaps even more often, the applicant for the new registration scttles on the basis of 
an agreement 10 restrict his use of the mark in some manner to avoid confusion. 
Thus, the applicant may restrict his use of the mark to goods only for one industry 
or sale in one kind of store, only in the form of a solution, or in some other manner to 
distinguish the goods clearly from thuse of the owner of the registered mark. 

In the absence of a settlement and in the case of probable confusion between the 
marks of the applicant and the opposer, for the same merchandise, the applicant 
ordinarily should consider selecting another mark and abandoning his application 
for registration. Tt, should be recognized, however, that there is a new trend towards 
somewhat greater liberality in registering marks over those of opposers (6). 

Marks published for registration on the Supplemental Register are not subject to 
opposition. For such Supplemental Register marks, one who considers the registra- 
tion damaging to him may institute a cancellation proceeding (see p. 296). 

Interferences may be declared between two or more applications for registrations 
of similar marks or between an application and a registration. No interference will 
be declared, however, between an application and a registration that has become in- 
contestable under the five year provision. arly filing of the application for registra- 
tion is an advantage when the application becomes involved in interference proceedings. 

Concurrent Registrations of Mark. Concurrent registrations of the same or 
similar marks by two or more applicants are permitted (24). ‘For such coneurrent 
registrations it is required (a) that the applicants shall have used the marks at the 


294 TRADE-MARKS 


same time and lawfully prior to the filing date of any applicant for the registration 
and (b) that the Commissioner of Patents or a court on appeal shall have determined 
that the continued use of the mark will not result in confusion, mistake, or deceit of 
purchasers. Use of the mark by two or more parties in different territories is a usual 
basis for concurrent registration. 


Marking Trade-Marked Goods 


The trade-mark owner should apply to his mark as used the words ‘‘ Registered in 
U.S. Patent Office,” “Reg. U.S. Pat. Off.’ or the letter “R” enclosed within a circle 
(25). A-suitable [orm of label after the mark is registered would be the following: 


Cellosolve ® 
Ethylene Glycol Monocthyl Ether 
Carbide & Carbon Chemicals Co. 
New York 


Such marking in the statutory form shows at once the intent to use the mark as a 
trade-mark and not in the deseriptive or generic sense. On each label and on each 
piece of acvertising or other literature utilizing the trade-mark, the fact that the mark 
is a trade-mark should be shown. In plaee of one of the indicia above, some trade- 
mark owners will sometimes place an asterisk(*) after the mark, with reference at the 
bottom of the page to the status as a trade-mark. 

When the mark is not registered, the notice should be simply “trade-mark.” 

Marking is now only notice to the public but also a reminder to the owner that he 
should present the mark as a trade-mark and not use it as the description of the goods. 

Failure to show in legal form that the mark is registered will prevent the plaintiff, 
in a suit for infringement, from recovering profits or damages except for infringement 
continuing after actual notice of registration, as by letter. 

Trade-marks may be affixed in various manners provided the marks are visible 
to the buyer at the time of purchasing, A lens, however, is not properly marked when 
the mark is aflixed to the camera and not to the lens (26). 

For a packet of playing cards, it has been held that the mark must be on the out- 
side, so as to be visible to the buyer before he selects the goods. A decorated ace 
card inside the packet docs not suffice. The owner’s name need not appear on the 
label carrying the trade-mark. The public buys by the mark, without the need of 
identifying the maker by his specific name or place of manufacture. A maker of tooth 
brushes omitted his name from the mark for his second-quality product. The trade- 
mark without the name was held sufficient (27). It is good practice under most cir- 
cumstances, however, to include the owner’s name. 

When two marks are separately applied to the same goods, there is infringement 
im the use of either or both marks by another party. In the case of a large power- 
driven machine, the name Kelly was imprinted on the moving ram and the word 
Gemco on a side panel. The application of the two marks, it was held, does not give 
to another the right to use either mark alone (28). 

Valse marking bo misrepresent origin or description is illegal, Amy person be- 
lieving himself to be damaged or likely to be damaged by such marking may institute 
civil action against the oue who, by the false marking, misrepresents the goods or 
services or their origin (29). 
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Imports, Importation of goods falsely marked with copy or simulation of a trade- 
mark on the Principal Register is prohibited. 

Importation of goods bearing w Principal Register trade-mark, the importation 
being without the consent of the owner of the mark, is prohibited under the tariff law. 
For this reason, tourists returning to the United States are commonly advised before 
arrival to obliterate the trade-marks on goods purchased abroad, such as ‘Chanel No. 
5” on a popular perfume. 


Loss of Trade-Mark 


In connection with a registered mark, the executive should avoid use of the mark 
in a descriptive manner, avoid non-use of the mark for two consecutive years with intent 
not to resume, and make certain the required affidavit to facts showing continuing use 
is filed within twelve months after the end of the fifth year of registration of the mark 
(30). In this affidavit, he may seek also recognition of incontestability of the mark. 

Misuse of Mark. A mark on the Principal Register may be cancelled at any 
time ‘Sf the registered mark becomes the common descriptive name of an article or 
substance on which the patent las expired, or if the registered mark has been assigned 
(outright transfer of title) and is being used by, or with the permission of, the ussignee 
so as to misrepresent the source of the goods or services in connection with which the 
mark is used” (81). 

Loss of trade-mark rights due to use of the mark as a descriptive term is well illus- 
trated in the Cellophane case (82). 


The circumstances bearing on the question whether the term cellophane had bacome descriptive 
ineluded the following: Cellophane initially was nondeseriptive and a good trade-mark. Over a 
period of years, the mark was used in many instances, however, in what was held to be deseriptive 
manner. In an affidavit supporting the application for registration of the trade-mark, the President. 
of the Du Pont Cellophane Company used the term “cellophane” spelled with a small ‘ce’ The 
articles of incorporation of the Du Pont Cellophane Company gave as one of the objects the manu- 
facture and trade in “ecllophane, transparent wrapping material, viseose products,” etc. Later the 
Du Pont Afagazine referred to the “manufacture of cellophane’? Emphasis in advertising literature 
was placed upon “Du Pont Cellophane” enclosed in an oval as a designation of the Du Pont material. 
A survey of retail dealers in cellophane produets by the defendant indicated that 88% of them knew 
no other name than cellophane by which they might order the particular article. 

Considering all the cireumstaners, the Court held that the course of conduct of the owner of the 
mark and particularly its “advertising campaign tended to make cellophane a generic term deseriptive 
of the product rather than its origin.” The court held also that the expiration of the patents on the 
manufacturing processes terminated any right Du Pont had to the exclusive use of the word cello- 
phane insofar as it had become merely descriptive of the product itself, 


The trade-mark ‘Aspirin’ was cancelled on even less conclusive evidence that the 
the term had become a common noun. 

In view of the decision in these cases and others along the same line, it is obvious 
that care must be taken to avoid the use of a trade-mark as the means of describ- 
ing the product and particularly to avoid the use of the trade-mark in lieu of a com- 
monly accepted descriptive name, 

The exercise of caution to avoid misuse of trade-marks as descriptive terms is 
evident. The producers of a new cheese chose the mark “Liederkrang’? but wisely 
used, in the next line of thetr lubel, “Brand soft: ripening cheese.” In this way they 
gave the public means, other than the trade-mark, for identifying the product, A 
similar precaution with Cellophane would have involved use of some such accompany- 
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ing line as ‘‘Brand of transparent cellulose sheeting.” When Duprence first appeared 
as a mark for a synthetic rubber some years ago, the owners of the mark quickly en- 
couraged public use of another name, ‘‘neoprene,” so that ‘“Duprene’’ would not be 
the only term for designating the new product. Duprene is still a registered trade- 

“mark. Long before that time, the advertising suggestion ‘Picture Ahead—lodak as 
You Go’ disappeared from highway billboards after brief usc, presumably when the 
possible hazard in using a trade-mark as a verb was recognized. A 1954 publication 
shows the care now used by the former owners of the Cellophane trade-mark in provid- 
ing descriptive terms other than trade-marks to describe their products; the publi- 
cation refers to certain new products as Dacron polyester fiber and Mylar polyester 
film. The long life of a mark used correctly is illustrated by the trade-mark Vase- 
line, the registered trade-mark of Chesebrough Manufacturing Company Consolidated. 
This mark ts used on products of this company, the best-known product being petroleum 
iclly. 

Abandonment. A trade-mark becomes abandoned when its use is discontinued 
with intent not to resume. Discontinuance of use for two years is prima facie evidence 
of such intent, that is, proof in the absence of controverting evidence. 

A trade-mark becomes abandoned also when the registrant uses the mark in such 
manner as to cause it to lose its significance as an indication of the origin of the goods 
(32), as shown in the Cellophane case. A trade-mark becomes abandoned when it is 
transferred to another without transfer of the good will of the business or that part, of 
the business to which the mark relates (34). Abandonment of a registered mark 
results, also, from licensing a mark without provisiqu for control, by the owner of the 
mark, of the quality of the goods to which the mark is applied. A license is a grant of 
the right to use the trade-mark without transfer of the title. Thus it differs from an 
assignment (see p. 295). A naked license constitutes an abandonment. In one in- 
stance, the owner of the registered mark issued a license, without the proper reserva- 
tions, for use of the mark in a territory in which the owner was not operating. This 
was the territory north of the Ohio River. The court held that this act caused aban- 
donment of the mark in this territory. The act did not affect the standing of the 
mark in other parts of the United States (5). Retention of the right to use the mark 
by the one who issues the license is persuasive under some circumstances of intent not 
to abandon the mark (36). 

Cancellation of Registration. Cancellation proceedings may be instituted by any 
person who believes he may be damaged by the registration of a trade-mark. 

For marks on the Supplemental Register, the application for cancellation may be 
made at any time. The application for cancellation may be based on an allegation 
that the registrant was not entitled to register the mark at the time of his application 
for the registration of i, that the mark is not used by the registrant, or that the mark 
has been abandoned. 

Marks on the Principal Register, although incontestable on most grounds after 
five years, may be cancelled 

(a) Within five years from the date of registration of the mark; or 

(6) At-any time that the mark becomes the common descriptive name of an article or substance 
upon which the patent has expired or the mark has become abandoned; 

(c) At any time that it can be shown that the mark was obtained by fraud, is of class not per- 
missible under the law, or ia being used with the permission of the owner to misr epresent the source 
of the goods or services to which the mark is applied; or 

(d) At any time in the case of a certification mark on the ground that the registrant (1) does not 
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control, or is not able legitimately to exercise control over, the use of such mark, or (2) enguges in the 
production or marketing of any goods or services to which the mark is applied, or (3) permits the use 
of such mark for other purposes than us a. certification mark, or (4) diseriminately refuses to certify 
the goods or services of any person who maintains the stundards of conditions which such mark 
certifies (37), 


The Federal Trade Commission, on its own initiative, may apply for cancellation 
of a trade-murk registration on the Principal Register, on any of the grounds specified 
in sections (b}, (c), and (d) above. 

Original Trade-Marks on Reconditioned Goods. The question whether the 
original trade-mark may be applied to reconditioned or repackaged goods may arise at 
any time. 

Automobiles, for instance, are frequently used and then resold under their original 
names. The Supreme Court. has considered such practice in the ease of spark plugs 
without disapproval (38). 

Rebottling a trade-marked perfume and reselling the rebottled material in smaller 
packages, under the original mark, was also held by the Supreme Court to be permis- 
sible under circumstances considered not to deceive the public (39). 

In a 1954 decision, the District Court in Los Angeles enjoined closely related prac- 
tice. The defendant was dispensing leading brands of perfumes in small vials and 
providing, it was said, no assurance of their authenticity or strength. 


Validity 


Whether a mark is descriptive or only suggestive is a frequent question in validity 
cases. ‘Validity of a mark ends where suggestion ends and cescription begins,” 
says Judge Learned Hand. 

Registration on the Principal Register, however, is prima farte evidence of the 
validity of the registration, of registrant’s ownership of the mark, and of registrant’s 
exclusive right to use the mark in ecommerce in connection with the goods or services 
specified in the registration. Tt creates a strong presumption of validity of the mark 
(1). 

For a trade-mark already on the Principal Register of the Patent Office the ‘“‘con- 
structive notice’ prevents registration of the mark on a state register by a, passible 
competitor in any state, regardless of whether the mark has or has not been used in 
commerce in that state. 


Infringement 


Infringement of a trade-mark arises from using without the consent of the regis- 
trant any reproduction, counterfeit, copy, or colorable imitation of any registered mark 
in connection with the sale, offering for sale, or advertising of any goods or services on 
or in connection with which such use as is likely to cause confusion or mistake or to 
deceive purchasers as to the source of origin of such goods or services (40). 

Tn a snit for infringement, the alleged infringer may use the same defenses against 
infringement of a registered mark as would be available to him if the mark were not 
registered (41). 

No trader may adopt a trade-mark so resembling that of another trader that ordi- 
nary purchasers, buying with ordinary caution, are likely to be misled (42). 

Newspapers, magazines and like periodicals are not liable for damages in the un- 
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witting infringing use of a trade-mark. They are liable only if they continue to use 
the mark in an infringing manmer after the infringement has been called to their at- 
tention and after such time following the notice as may be necessary to avoid unteason- 
ble delay in delivery of the periodicals. 

When the decision as to confusing similarity between marks is a close one, much 
dependence may be placed on the record of instances or absence of instances in which 
the public has actually bought the merchandise of the alleged infringer in the helief 
that it was the merchandise of the trade-mark owner. 

The selection of a mark with the intent to palm off wares as those of another is 
strong evidence of the likelihood of confusion (43). See p. 286. 

The defenses that may be used against trade-mark infringement are briefly as 
follows: (J) Fraud in obtaining registration or establishing the incontestability of the 
mark. (2) Abandonment of the mark. (3) Assignment of the mark or misuse in 
manner to misrepresent the source of the trade-marked goods or services. (4) De- 
scriptiveness of the mark. (4) The defendant’s use of the mark antedates that of the 
registrant and has been continuous from a date preceding the publication of the regis- 
tered mark in the Official Gazette. (6) The mark is being used in manner to violate 
the antitrust laws (44). 

When infringement is established, the court, first of all, will issue an injunction 
against continuance of the infringement. 

Measure of Liability for Infringement. The owner of a registered trade-mark is 
entitled to recover (1) defendant’s profits from the infringement, (2) any damages 
sustained by the owner, and (3) court costs of the action to prove the infringement 
(45).4 

In assessing profits, the trade-mark owner needs to prove only the amount of 
sales of the infrmger; all elements of costs, which the infringer claims as deductions 
from sales in the calculations of profits, must be proved by the infringer. 

The measure of damages is stated in a recent 2nd Circuit Court case (1) to be 
what the trade-mark owner would have received if allowed to sell his product without 
the sale of the product by the infringer. The assessment of increased damages, up to 
three times the actual finding in extreme cases, is’ discretionary with the court (45) and 
is not common. 

Tn those cases in which notice of registration i is not attached to the mark as used, 
damages are recoverable only for infringing acts that occur. after notice of infringement 
is given to the offending party. 

When the suit is for unfair competition, on the other hand, then the trade-mark 
requirement as to notice of registration of the mark does not apply. 


Foreign Trade-Marks 


The nationals of countries adhering to the International Convention (an agree- 
ment for the protection of industrial property) may register in the United States only 
marks that have been registered previously by them in their own countries or are 
alleged to be in use in commerce (44). When an application is filed in any Convention 
country within 6 months of the date of the first filing in a Convention country, the 
applicant may claim the first filing date as the effective date for the other filing. 

In many countries registrations by foreign nationals are not permitted before home 
registration is completed. In advance of registration in the U.S., for instance, a U.S. 
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citizen would not be allowed to complete registration of his trade-mark in those coun- 
tries. This law, however, is no longer in foree in Austria, Denmark, Germany, Nor- 
way, Sweden, and Switzerland (46). Belgium has an even more strict requirement: 1 
registration in Belgium is invalid if the foreign registrant did not complete home regis- 
tration before filing the application for registration in Belgium (47). 

There is a disadvantage, on the other hand, in extensive use of a trade-mark be- 
fore applying for registration abroad. This is the danger of piracy of the mark by 
another. The mark in a foreign country belongs to the one who first uses it or first. 
registers it there, not to the one who has made it valuable by use in some other country. 

In the foreign market trade-marks are particularly important. Often they are 
the only means of identifying the quality of the products in the public mind. The 
foreign buyer relies upon his previous successful experience with a product. He exun- 
not rely upon the reputation of an unknown producer in a distant land. 


Literature of Trade-Marks 


Selected publications are the following: 

Patent Office, Rules of Practice in Trade-Marl: Cases. U8. Govt. Printing Office, 
Washington. $0.35. This publication includes not auly the Patent Office Rules but 
also the 1946 Trade-Mark Statitte. 

U.S. Patent Office Gazette, published weekly by the Patent Office. $35.00 a year. 
The trade-mark section of the Official Gazeite is now separated from the patent section 
and appears as the second section. It is possible to subseribe separately to the 
trade-mark section. It lists all marks accepted subject to opposition or actually 
registered. Both those on the Principal and those on the Supplemental Register 
are listed. 

Search Room for Traidc-Marks in the Patent Office. Here all trade-mark registra- 
tious are classified in several ways—alphabetically; by elass such as geographical, 
historical, etce.; and by assignee. Qualtfied assistants are at hand to help the uniniti- 
ated, 

Small Business and Trade-Marks, Department of Commerce. U.S. Govt. 
Printing Office, 1949. 

CS. Patents Quarterly (abbreviated P.Q. or U.S.P.Q.), published weekly and in 
bound form quarterly by The Bureau of National Affairs, Washington. It contains 
copies of decisions of the courts and Patent Office in patent, trade-mark and copyright 
cases. 

The Trade-Mark Reporter, published monthly by U.S. Trade-Mark Association, 
New York. 

Journal of the Patent Office Society, published monthly by the Patent Office So- 
ciety, P.O. Box 685, Washington. This journal, edited and managed by the members 
of the staff of the Patent Office, contains timely discussions of patent and trade-mark 
matters. 

Callmann, Rudolf, The Law of Unfair Competition and Trademarks. 2nd ed., 
Cillaghan and Co., Chicago, 1950. 6 vols. 

Daphne Robert (Mrs. Robert W. Leeds, now Assistant Commissioner of Patents), 
The New Trade-Mark Manual. Bureau of National Affairs, Washington, 1947. 

Derenberg, W. J., Trade-Mark Protection and Unfair Trading. Matthew Bender, 
Albany. 1988. The Sixth Year of the Lanham Trade-Mark Act of 1946. Bureau of 
National Affairs, Washington. 1958. . 
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Hinline, H. D., Forms and Their Use in Patent and Trade-Mark Practice. Michie, 
Charlottesville, Virginia, 1951. 

Ladas, 8. P., International Production of Industrial Property. Harvard Univ., 
1930. Also artieles on foreign trade-marks. 

Rogers, E.S., Good Will Trade-Marks and Unfair Trading, A, W. Shaw. 1914. 
Still an excellent book for general reading, 

Rogers, E. 8., Trade-Marks in Transition, Vol. 14, No. 2 of Law and Contemporary 
Problems. Duke Univ., 1949. 

Zimmerman, 0. T., and Lavine, I., Zandbouk of Material Trade Names, Industrial 
Research Service, Dover, N. H., 1953. 
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“Sec.” refers to the section of number shown in 35 U.S. Code, the Trude-Mark Act 
of 1946, Public Law 489, 79th Congress, 60 Statutes 427; “Rule” to the Patent Office 
Rules in Trade-Mark Cases; “U.S.” to Supreme Court Decisions in U.S. Reports, 
the volume being the first number shown; and ‘P.Q.” to United States Patents 
Quarterly. 
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(87) Sec. 14, 24. 
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TRAGACANTH,. See Gums and mucilages, Vol. 7, p. 338. 
TRANSAMINASES, See Hnzymes, Vol. 8, p. 744. 


TRANSFORMER OILS. See Dielectrics, Vol. 5, p. 68; Petrolewm (products), Vol. 10, 
p. 174. 

TRANSISTOR MATERIALS, See Germanium, Vol. 7, p. 169; Szlveon and silicon 
alloys, Vol. 12, p. 36-4. 


TRANSMITTANCE, TRANSMITTANCY. Sce Colorimetry and fluorimetry, Vol. 4, 
p. 268. 


TRANSMITTANCY CURVES. See Dyes (evaluation), Vol. 5, p. 438. 

TRANSPORT NUMBERS. See ‘Transference numbers” under Hlectrochemistry, Vol. 5, 
p. 633. 

TRAVELING-WAVE TUBES. See Hlectronics, Vol. 5, p. 560. 

a,o-TREHALOSE, CHLOHCHO(CHOH)s;CHOCH (CHOH)sCHOCHOI, See Sugars 
(survey), Vol. 18, pp. 234, 236. 

TREMOLITE, CasMegsSisOx(OH)s. See Asbestos, Vol. 2, pp. 185, 186; Selica and 
silicates (mineral), Vol. 12, p. 279. 

TRIACETIN, CsHs(QOCCH;);. See Glycerol, Vol. 7, p. 227. 

TRIARYLMETHANE DYES. See 7'riphenylmethane and diphenylnaphthylmethanc dyes. 

1,3,5-TRIAZINES, s-TRIAZINES, N:C’.N:CX.N:CX. See Heterocyclic compounds, 
Vol. 7, p. 453. 

TRIAZOLES, C.H;N;. See Heterocyclic compounds, Vol. 7, p. 444. 

TRIBROMOETHANOL, CBr,CH,OH. See Anesthetics, Vol. 1, p. 907; Bromine com- 
pounds (organic), Vol. 2, p. 658. 

TRI-2-BUTYL PHOSPHATE, (C,Hy)sPOs. See Plasticizers, Vol. 10, p. 780. 

TRICHLOROACETIC ACID, CC],COOH. See Acetic aeid, Vol. 1, p. 77. 

'TRICHLOROETHYLENE, CHCI:CCh. See Anesthetics, Vol. 1, p. 906; Chlorine 
compounds, organte, Vol. 3, pp. 733, 788. . 

TRICHLOROSILANE, SUICh. See Silicon compounds (inorganic), Vol. 12, p. 868; 
Silicones, Vol. 12, p. 395. 
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TRICHOMYCIN. See Streptomyces antibiotics (survey), Vol. 18, p. 61. 


TRICOSANOIC ACID, n-TRICOSOIC ACID, Cl1x(CH2)COOH. See Fatty acids. 
Vol. 6, pp. 174, 257. 


TRICRESYL PHOSPHATE, (CH;C'sH.)3PO.. See Plastcizers, Vol. 10, p. 782. 


TRIDECANOIC ACID, n-TRIDECYLIC ACID, CH,(CH2)1COOH. See Fatty aczds, 
Vol. 6, pp. 174, 252. 


TRIDYMITE, SiO: See Silica, Vol. 12, p. 273. 
TRIGONELLINE, C;H;NO.. ce Alkaloids, Vol. 1, p. +76. 


TRIHEXYPHENIDYL, HOC(C.H;)(CeHn)CHLCILNCsH ip. Seo Sbineelants and de- 
pressants, Vol. 18, p. 17. 


TRILUPINE, CisHaN2O;. See Alkalodds, Vol. 1, p. 482. 

TRIMETHADIONE, CH,N.CO.C(CH,)2.0.CO. Sce Hypnutics and sedatives, Vol. 7, 
p. 776; Stimulants and depressants, Vol. 18, p. 15. 

2,6,8-TRIMETHYL-4-NONANONE, (CH;),CHCH.COCH»CH (CHa) CH»CH(CHa)s. 
See Kelones, Vol. 8, p. 133. 

TRIMETHYLOLPROPANE, CH;CH:C(CH.OH);. See Butyraldehyde, Vol. 2, p. 691. 

1,3,5-TRINITROBENZENE, C'olI,(NOv)3. See Haplosives (high), Vol. 6, p. 42. 

2,4,6-TRINITROTOLUENE, CHC Ih(NO2),. See Explosives (high), Vol. 6, p. 43. 

s-TRIOXANE, a-TRIOXYMETHYLENE. Sce Formaldehyde, Vol. 6, pp. 862, 863, 869. 


TRIPELENNAMINE HYDROCHLORIDE. Sec MWistamine and antthistamine agents, 
Vol. 7, p. 472; Pyridine, Vol. VA, p. 292. 


TRIPHENYLMETHANE, (C;Hs)sCH. See Hydrocarbons, Vol. 7, pp. 618, 6-65. 
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The triarylmethane dyes are derivatives of triphenylmethane, (CyHs5)3CH, and of di- 
phenylnaphthylmethane, (CgHs)eCHCyH;, to which auxochromic and bathochromic 
groups have been added (see Vol. 2, p. 230). Broadly speaking, the phthaleins and 
the 9-phenylacridines fall in this category since in their preparation triphenylmethane 
derivatives are formed as precursors. However, these classes of dyes are discussed 
more appropriately under Xanthene dyes (q.v.) and Acridine dyes (see Vol. 1, p. 170). 
See also Phenolphihalein, Vol. 16, p. 371; ‘Sulfonephthaleins,” Vol. 18, p. 439. 

Vivid shades of red, violet, blue, and green are to be found among the triaryl- 
methane dyes. Such brilliancy of hues can only be duplicated at far greater expense 
by other dyes (for example, the wool dyes of the anthraquinone series). 

‘The triarylmethane dyes were among the first synthetic dyes to attract the at- 
tention of dyers and chemists. Perkin’s discovery in 1856 of the dye mauve (mau- 
veine) with its subsequent financial rewards encouraged other workers to exploit the 
field of synthetic dyes, and soon afterward (1859) Verguin prepared the first dye of the 
triphenylmethane series by heating crude aniline with stannic chloride. (Actually, 
Nathanson and Hofmann had independently prepared the same dye a little earlier 
but had failed to realize its technical importance.) Verguin’s red dye was patented 
by the French firm of Renard Fréres and Frane, in 1859, and introduced to the world 
under the name Fuchsine, derived apparently from “Fuchs” (fox, the equivalent of 


TRIPHENYLMETHANE DYES 33 


the firm’s name Renard in German) or from “fuchsia” because of the color resem- 
blance to the red flower of the plant of this name. The dye was also called Magenta 
in commemoration of the victory of the French over the Italians at Magenta in 1859. 
The name Rosaniline was given to it by Hofmann on account of its source, aniline, and 
its rose-red color, At one time this dye sold for as much as one hundred dollars per 
pound. 

Dyes of this class are notoriously poor in fastness properties and, in spite of in- 
tensive research to improve their properties, only a relatively few triphenylmethane 
dyes come up to the azo dyes in fastness. From the standpoint of the dycr, the tri- 
arylmethane dyes may be classified as avid, hasic, mordant acid, and direct (see Vol. 4, 
pp. 868, 372, 378, 381). 

Although they have lost a great deal of their former importance, they still are 
produced in fairly large quantities (see Table I, giving U.S. Tariff Commission figures), 
prinurily because of their brilliancy coupled with cheapness and their specialized uses. 


TABLE I. U.S. Production and Sales of Triphenylmethane and Diphenylnaphthylmecthane Dyes, 

















1953. 
~ — ~~ a Sues 

CT. no. Dye Production, Ib. Quantity, th. ~ Value, 3 
657 Malachite Green 378,000 369,000 689, 000 
G58 Setoglaucine — 19, 000 54,000 
662 Brilliaut Green 116, 000 97,000 235, OU 
666 Guinea Green B 155,000 156,000 135,000 
667 Brilliant Milling Green B 30,000 20,000 73,000 
671 Trioglaucine GEL, 000 462,000 527, 000 
O76 Para Magenta (Parafuclisine) 10,000 6,000 19,000 
G80 Methyl Violet B und base 1,443,000 1,112,000 1, 127, 000 
681 Crystal Violet $25, 000 791,000 1,525,000 
G82 Iithyl Violet — 17,000 46, 000 
698 Yormy! Violet S4B 134, 000 116, 000 182 , 000 
707° Soluble Blue 114,000 88,000 257 , O00 
720 Eriachrome Azurol B 102,000 118,000 262,000 
722 Triochrome Cyanine R — 22,000 62,000 
729 Victoria Blue B 1-43, 000 139, 000 315,000 
735 Naphtalin Green V — 68,000 151,000 
737 Wool Green 8 133,000 106,000 108 , 000 
Pr, ng, 

108 Vietorin Pure Blue 1 107,000 120,000 423,000 
224 Brilliant TIndoeyanine ~ 7,000 37,000 








Triphenylmethane and diphenylnaphthylmethane dyes find use in the dyeing of 
silk, mordanted cotton, aud paper. Large quantities of certain types find extensive 
use in the field of copying papers and in the manufacture of lakes (see Vol. 10, p. 679). 
Tn addition, they are used in writing and printing inks (see Vol. 7, p. 872; Vol. 11, p. 
152), as food, drug, and cosmetic colors (see Vol. 4, p. 287), and as microbiological 
stains (see Vol. 12, p. 743). 

Of recent years, considerable interest has developed in moth inhibitors of the 
triphenylmethane sevies and some “colorless dyes” for use in mothproofing are now on 
the markeb. 
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CONBTITUTION 

Although Fiuchsine (Parafuchsine—see p. 316) was discovered before 1860, it took 
about twenty years before its structure was definitely established. This proof laid 
the foundation for the structure of other triphenylmethane dyes. 

Hofmann was the first. to show that parafuchsine possessed the formula CipHiyN3, 
On the basis of other pieces of evidence, Otto and E. Fischer finally in the last quarter 
of the 19th century firmly established the strueture of Parafuchsine as a triamino- 
iriphenylmethane. 

They showed that the unoxidized Parafuchsine derivative known as the letco base contained 


three primary amino groups which were removed by diazotizalion and boiling with alcohol, This 
gave triphenylmcthane, which was known at that time: 


Cyolis(N Has nh Crk bal N.C), —— HC (Cal s)s 


They then reversed the process by nitraling triphenylmethane, reducing to the amine (leuco base), 
oxidizing to the carbinol base, and forming the acid salt of the dye: 


WO(CyHs)s ~-——> HOcC,HyNQ,); ———> HC(C, HN); ———> HOC(C, HN Ila)3 





y 
CyHiNHe 
C—C,H NH, 
NGI =NELCI 
This dye was identical with Parafuchsine. 
The positions of the three amino groups were established as para, as follows: Aniline and benz- 
aldeliyde were condensed to give a diaminotriphenylmethane, which by diazotization and decomposi- 
tion gave p,p’-dihydroxybenzophenone, Il, instead of benzuldehyde, p-nitrabenzaldehyde was 


condensed with aniline, a nitrodiaminotriphenylmethane was produced, which, on reduction, gave 
leuco Parafuchsine. 


Although the structures of the leuco and carbinol bases have been established be- 
yond a doubt, the question as to the color and constitution of the dyes themselves has 
not yet been settled to everyoue’s satisfaction. Only a brief discussion will be given 
here; for further details, particularly of tle not so recent work, the reader is referred 
to the publications of Hantzsch and Ostwald, Wizinger (23), Kehrmann (13), v. 
Bueyer, Pfeiffer, and Ramait-Lucas (19). 


ScurmMeE 1 


io — “OH — 
leuco base (colorless) carbinol base (colorless) 


NR, 


dye 
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The formation of 4 triphenylmethane dye can be conceived of us going through the 
following stages: formation of the colorless leuco base, conversion of this to the color- 
less carbinol or color base, and finally formation of the dye by treatment with acid 
(see Scheme 1). The quinoneimine formulation of the cation shown was proposed many 
years ugo. However, this structure eannot explain the intense color of these dyes in 
solution. Other formulations, of which there have been many, have also failed to 
satisfactorily explain all the facts. The best formulation most generally accepted today 
is the representation of the dye molecule as 2 resonance hybrid (see Vol. 2, p. 281; 
Vol. 4, p. 254). 


CLASSLLICATION 

An alternate or additioual classification of the triarylmethane dyes to the division 
into the triphenylmethanes and the diphenylnaphthylmethanes is one based on sub- 
slitution in the aromatic nuclei: (/) the diaminotriarylmethanes or dyes of the Mala- 
chite Green series; (2) the triaminotriarylmethanes or dyes of the Fuchsine (Rosani- 
line or Magenta) series; and (3) the hydroxytriaryimethanes or dyes of the Rosolic 
Acid series. A fowrth grouping of amino hydroxy derivatives is sometimes made 
(see Vol, 5, p. 348). Monoaminotriarylmethanes are known but they are not ineluded 
in the classification since they have few or no dyeing characteristics. 


PRIEPARATION 

Many methods have been described for the preparation of triphenylmethane dyes 
but actually only a few have achieved industrial importance. The major clifference in 
the methods that, are used industrially lies in the source of the central carbon atom. 

(1) The central carbon atom is furnished by an aromatic aldehyde, or a substance 
capable of giving rise to an aldehyde during the course of the condensation. The 
aldehyde is condensed. with a tertiary aminobenzene i which the substituents on the 
nitrogen atom may he alike or different. The resulting leuco compound is then oxi- 
ized to the carbinel base, which in the preseuee of acid is converted to the dye (see 
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Scheme 2 (where X = any group, R = R', or Rand R/ are different with Ror R’ = H, 
alkyl, aralkyl, alkanol, etc.), 
(2) The central carbon atom is furnished by the condensate from formaldehyde 


SCHEME 3} 
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and a tertiary arylamine, which on oxidation with the same or a different tertiary 
uminobenzene, in the presence of acid, gives rise to the dye (see Scheme 3). 

(3) The central carbon atom is furnished by the so-called Michler’s hydrol (1) 
(sce Scheme 4, where Ris usually methyl or ethyl but may be different). This method 
is of special importance since this hydrol condenses fairly easily not only with various 
primary, secondary, and. tertiary arylamines (eq. (1)) but also with the sulfo and 
hydroxy derivatives of naphthalene (eq. (2)). (The condensation will also take place 
with the nonhydroxylated 2,7-disulfonie acid.) The resulting lewco dye, on oxidation 
in the presence of acid, is converted to the dye. 

(4) The central earbon atom is furnished by a diaryl ketone, Michler’s ketone (2), 
which is condensed directly with a tertiary arylamine having a frec para position 
(see Scheme 5). 

Two other methods (eq. (8) (ref. 15) and eq. (4)) are shown in Scheme 6, not be- 
cause they are of practical importance at present, but merely to illustrate further the 
many diversified methods that have been proposed for the synthesis of tripheny|- 
methane dyes. 

Actually some of these methods are interrelated. For instance, method (1) no 
doubt goes through method (8), and it is conceivable that method (2) may proceed 
through method (3). 

Where it is necessary to oxidize a leuco compound, the following oxidants are 
used commercially: lead dioxide, sodium dichromate, manganese dioxide, and nitro- 
sylsulfurie acid. In general, if the oxidation is improperly carried out, the resulting 
dye will have a dull appearance. 


Intermediates 


Many of the intermediates used in the manufacture of triarylmethanes are well 
known (see Vol. 5, p. 343). Several, however, are not commonly encountered in other 
ficlds of dye chemistry. 

One of the most important tertiary amines used in the manufacture of triphenyl- 
methane dyes is ethylbenzylaniline (see Vol. 1, p. 924). This is commonly prepared 
by the reaction of monoethylaniline with benzyl chloride followed by fractionation 
of the condensate over caustic soda (ref. 10, p. 135): 


NHC,H; CHCl CH SN ut) 


+ > + HC 


Other tertiary amines, such as metlylbenzylaniline and -ethyl-m-toluidine, can be 
similarly prepared. 

On sulfonation of ethylbenzylaniine, a sulfonie acid group is introduced chiefly 
into the meta position and not, as was formerly believed, into the para position (3). 
See “a-(N-Ethylanilino)toluene-m-sulfonie acid” under Toluenesulfonte acids. 


80,0H 


CulN ort) cane 


+ 6,p-isomer 
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N-Kthyl-t-naphihylanine, CoTNUCTE, bop. 805°C, is prepared in about 75%, 
yields from naphthylamine aud ethyl! chloride under pressure. A'-Phenyl-I-naphihyl- 
amine, CyHINELCAs, mp. 62°C", is readily oblained by the reaction of (-naphthyl- 
umine and aniline in the presence of sulfanilie acid or p-toluenesulfonic acid (ref. 10, 
p. 179), 

Of the aldehydes, three deserve mention. Benguldcehyde-v-sulfonic acid (o- 
formylbenzenesulfonic acid, o-sulfobenzaldehyde), HOOSC.H<CHO, is made on a 
large scale by the replacement of the chloro group in o-chlorobenzaldehyde with the 
—SO.0OH group by heating with sodium sulfite under pressure (ref. 8, Vol. 1, p. 57). 
Tn 1938, the U.S. production was 125,000 Ib. 

Benzaldehyde-2,4-disulfonic acid (4-formyl-m-benzenedisulfonice acid), (HLOSO,).- 
C,sH,CHO, is mace by the oxidation of toluene-2,4-disulfonic acid with potassium 
permanganate in the presence of manganous sulfate and sulfuric acid. 

2,6-Dichlorobenzaldehyde, m.p. T0-71°C., is one of the few examples illustrating the 
use of the Sandmeyer reaction on a large scale in the dye field. The steps in the prepa- 
ration, starting with o-nitrotoluene, are shown in Scheme 7 (ref. 10, p. 160). 


SCHEME 7 
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Two other intermediates that are used practically only in the preparation of 
triphenylmethanes ure Michler’s ketone and its reduction product, Michler’s hydrol. 
Jn 1953, the U.S. procuction of Michler’s ketone was 141,000 Th., and of Michler’s 
hydrol, 11,000 Ib. 

Michler’s ketone (tetramethyl-p,p/-diaminobenzophenone, 4,4’-bis(dimethyl- 
amina)benzophenone) (2) crystallizes from alechol in colorless leaflets, m.p. 173-74°C. 
Tt is insoluble in water, moderately soluble in alcohol, and readily soluble in warm 
benzene, Alkaline reduction of Michler’s ketone gives the corresponding carbinol, 
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Michler’s hydrol, aid more drastic reduction leads to p,p'-tctramethyldiaminodiphenyl- 
methane. 

This kelone was first prepared by Michler in 1900. Me found that if phosgene 
is passed into dimethylanilinue at room temperature until the increase in weight cor- 
responds with the proportion of one mole of phosgene to tivo moles of dimethylaniline, 
p-(dimethylamino)benzoyl chloride is formed (Scheme 8, eq. (5)). By @ modified 
Friedel-Crafts reaction (sce Vol. 6, p. 890) in the presence of excess dimethylaniline at 
a higher temperature, the acid chloride is converted to Michler’s ketone (eq. (6)). 
About 75-80% of the theoretical yield of Michler’s ketone is obtained along with the 
0,0’- and o,p’-isomers. 

Another method (which is not in use) for the preparation of Michler’s ketone 
in 96% yields involves the action of dimethylamine on 4,4’-dichlorobenzophenone in 
the presence of copper salts under pressure (9,30). This method is not economically 
feasible because of the high cost of the benzophenone derivative. 

The main use of Michler’s ketone is in the manufacture of Crystal Violet (CZ. 681) 
aud the Victoria Blues (C.Z. 690, 728, 729). For the manufacture of certain dyes, 
Michler’s ketone is not isolated but is further condensed to give the desired products 
(see p. 320), . 

The ketonimine dye Auramine (Auramine Q) (C./. 655) (see Vol. 8, p. 152) was 
originally prepared from this ketone by heating it with ammonium chloride and an- 
hydrous zinc chloride at L50-60°C. 

Tetraethyl-p,p’~diaminobenzophenone is prepared similarly to Michler’s ketone 
from diethylaniline instead of dimethylaniline. 

Michler’s hydrol (tetramethyl-p,p'-diaminobenzhydrol) (1) forms colorless 
needles, m.p. 101~3°C., on recrystallization from hot alcohol, benzene, or ether. 
On heating above its melting point, it forms the dihydryl ether (3), which is the chief 
impurity in the technical product (ref. 10, p. 189), With glacial acetic acid, it gives 
a deep blue color. The hydroxyl group is extremely reactive, being readily alkylated 
hy mere warming with aleohols, It is this great reactivity that gives this intermediate 
its importance. 


(CH;)2N (CH) 
. C 


CH-~O—CH 


. ) cl- 
(CIIs)eN N(CHs)2 
(8) Dihydryl ether from Michler’s hydrol (4) Doebner’s Violet 


Although Michler’s hydrol can be obtained by alkaline reduction of Miehler’s 
ketone, it is produced industrially by the oxidation of p,p'-tetramethyldiaminodi- 
phenylmethane (4,4’-methylenebis(N,N-dimethylaniline), methane base) by lead 
(lioxide or manganese dioxide, Methane base, m.p. 91-92°C., is prepared, in turn, 
from dimethylaniline and formaldehyde according to the first step of the reaction in 
Scheme 3 (p. 306) (see also Scheme 18, p. 320). 

Both Michler’s hydrol and its ethyl analog are used in the manufacture of dyes of 
the Naphthalene Green serics and certain alkylated Fuchsines. 
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m-Dimethylaminobenzoic acid can be prepared in almost theoretical yield by 
the reductive alkylation of an alcoholic solution of m-nitrobenzoic acid and aqueous 
formaldehyde using palladized charcoal as a catalyst, in an atmosphere of hydrogen 
at room temperature and pressure (4). The overall equation may be written: 


COOH COOH 


+ HCHO Ha" 
NO, N(CH): 


It is used in preparing Crystal Violet lactone. 


Diaminotriarylmethane Dyes 
(Malachite Series) 


Although many dyes of this series have been desvribed, relatively few have 
achieved technical significance. The prototype of the series, Doebner’s Violet (4), is 
without practical importance. Tt is only after substitution of the amino hycrogens by 
alkyl and/or aralkyl groups that valualsle green dyes are obtained. 

Malachite Green (7) (C7. 687), the first Important member of this series, was. 
discovered by O. Fischer in 1877. It is the completely methylated derivative of 
Doebner’s Violet and is manufactured on a large scale by acid condensation of benzal- 
dehyde with an excess of dimethyluniline. The name ‘Malachite Green” was given to 
this dye because of its resemblance to the beautiful green copper mineral malachite. 
Beeanse benzaldehyde is used in its manufacture, it is also known as Benzaldehyde 
Green. 

The method of preparation is typical for many dyes of this series. Benzaldehyde 
and a slight excess of dimethylaniline are heated at 100°C, for 24 hours using hydro- 
chloric or sulfuric acid as the condensing agent, The amount of condensing agent 
used is important, about two-thirds of a mole of acid giving the best results. Ac- 
cording to Fierz-David (ref. 9, p. 227), an excess of acid leads to the formation of 
p-dimethylaminobenzhydrol which is incapable of taking part in the dye formation. 
On the other hand, receut work has indicated that the formation of Malachite Green 
goes through the benzhydrol stage (5) to the leuco base (6) (5,21). See Scheme 9. 


SCHEME 9 
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N(CHa)e 
(6) Leuco Malachite Green 
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After condensation has been completed, the reaction mass is made alkaline and the 
excess dimethylaniline removed by steam distillation. The resulting leuco compoune 
is dissolved in hydrochloric acid and the diluted solution oxidized cold with freshly 
prepared lead dioxide. It is extremely important that the amount of oxidant used be 
calculated very carefully if over-oxidation is ta be avoided. I<ehrmann (14) has 
shown that in the case of Malachite Green, over-oxidation leads to the formation of a 
quinone imine identical with that formed by oxidizing tetramethylhenzidine (8) or 
Michler’s hyclrol (1) (see Scheme 10). 


Scupmen 10 
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(7) Malachite Green (C.2. 657) N(CH): 
of ne 
N(CHs)2 
N(CH): 
CHOH 
N(CH N(CHs3)s 
(8) tetramethylbenzidine (1) Michler’s bydrol 


After the oxidation of the leuco base, the lead chloride is precipitated by the ad- 
dition of sodium sulfate, and the dye solution is filtered from the lead sulfate and 
subsequently separated by making alkaline. The carbinol so formed, upon adding to 
a solution of oxalic acid, is then converted to the beautifully crystalline oxalate of 
thedye. More rarely, Malachite Green is isolated as the zinc chloride double salt. 

Malachite Green finds extensive use in the paper trade and in the mannfacture 
of ink toners (see Vol. 10, p. 675). Very little is used for dyeing cotton. 

Brilliant Green (CLI. 662) is the diethyl analog of Malachite Green and gives 
somewhat yellower shades. It usually appears on the market as the sulfate. Tts 
method of preparation follows that of Malachite Green. 


ACTD GREENS 
Helvetia Green (C’I. 660) is the »-monosulfonic acid of Malachite Green made 
by the direct sulfonation of Malachite Green or its leuco derivative (82). It was the 
first member of the so-called Acid Greens useful for the dyeing of wool and silk, but it 
has long vanished from dye markets because of its extreme alkali sensitivity. Acid 
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Greens as a class are no better in alkali- or lightfastuess than their unsulfonated prede- 
Gessors. 

Tn general, one sulfonic acid group does not confer sufficient solubility on a dye of 
the Malachite series and it is customary to introduce two or more such groups in order 
to obtain technically usuble products, To this end, two different methods are used, 
both on a fairly large scale: (1) either an N-alkylbenzylaniline, CsHsN(R)CH2CeHs, is 
used in forming the leuco compound, which can then be readily sulfonated, or (2) a 
suitable sulfonic acid derivative is used in the formation of the desired leuco derivative. 

For example, Light Green SF Yellowish (FD&C Green No. 2, D&C Green No. 4) 
(9) (CT. 670) is prepared by condensing benzaldehyde with ethylbenzylaniline, sulfo- 
nating the leuco derivative to a trisulfo compound, and subsequently oxidizing to the 
dye (see Scheme 11; the meta sulfo groups are shown as para in the Colour Index). 
Light Green SF Yellowish has very poor lightfastness but does fud use fer coloring 
food, 


Scummis Li 
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(8) Light Green SF Yellowish (C.J, 670) 


Guinea Green B (FD&C Green No. 1, Acid Green B) (10) (CLI. 666) is prepared 
by condensing benzaldehyde with ethylbenzylanilinesulfonic acid (a-(N-ethylanilino)- 
m-toluenesulfonie acid) and oxidizing the resulting leuco compound to the dye. 

Similarly, Brilliant Milling Green B (D&C Green No. 7, Fast Acid Green B) (11) 
(CZ. 667) is made by starting with o- “thlorobenzaldehyde and ethylbenzylaniline- 
sulfonic acid. 
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Calls C.H; 


ie 3 ol 
Na00.58 50.0- 


(10) Guinea Green B (C.7. 666) 


C:H CH 


| 
EO ions 
O ¢ ol 
Nad0.8 Cl 50.0- 


(11) Brilliant Milling Green B (C.Z. 667) 


Other sulfonated intermediates used for introducing sulfonic acid groups into the 
dye molecule are benzaldeliyde-o-sulfonie acid, benzaldehyde-2,4-disulfonic acid, and 
naphthalene-2,7-disulfonie acid (see Vol. 9, p. 239), These intermediates confer 
unexpected properties such as alkali-fastness upon the Acid Greens. 


PATENT BLUES 


In 1888, Herrmann prepared an acid dye, Patent Blue V (12) (CZ. 712), which 
had improved alkali~ and lightfastness. ‘This dye was prepared by condensing m- 
hydroxybenzaldehyde with two moles of diethylaniline, sulfonating the leuco base, 
and oxidizing to the dye. Patent Blue V was the first member of a small but important 
group of acid dyes known as the Patent Blucs. Patent Blue A (D&C Blue No. 8) 
(C.\L. 714) is the corresponding dye from m-hydroxybenzaldehyde and ethylbenzyl- 


+ { 
ol Ly N(GiH;)a H, Ol N —CH, 
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HO 


80.0Ca/2 
(12) Patent Blue V (C.J. 712) (18) Erioglaucine (C./. 671) 
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(14) Setoglaucine (C.J. 658) (15) Chrome Turquoise Blue B 
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aniline. The simplest member of the Patent Blues is Xylene Blue VS (CJ. 672) made 
from benzaldehyde-2,4-disulfonic acid and dicthylaniline (2). 

Erioglaucine (18; M = NH, or Na) (CV. 671) (D&C Blue No. 4, Acid Glaucine 
Blue, the diammonium salt; FD&C Blue No. 1, corresponding disodium salt) is the 
dye resulting from the condensation of two moles of ethylbenzylanilinesulfonie acid 
with one mole of benzaldehyde-o-sulfonie acid (2) (the two meta sulfo groups are 
represented as para in the Celour Index). It finds extensive use in the manufacture 
of the beautiful blue toner Peacock Blue (see Vol. 10, pp. 679-81). 

The importance of the Patent Blues lies not only in their increased alkal’ and light- 
fasluess but also in their increased level-dyeing chavacter. At first it was believed 
thet the property of increased alkali-fastness was clue to the hydroxyl group meta to 
the central carbon atom; later, however, Sandmeyer showed that it was the sulfonic 
acid group ortho to the central carbon atom that was largely responsible for the 
cnhanced fastiess properties (12). That this is uot the whole explanation is indicate 
by the fact that increased fastness properties are also exhibited by such dyes as 
Setoglaucine (Rhoduline Blue 6G) (14) (CLI. 658) and Chrome Turquoise Blue B (15) 
(2), which differ from Malachite Green in having a chloro group and a methyl group, 
respectively, ortho to the central carbou atom, It should be stressed that, although 
in general substituents ortho to the central carbon atom result in bluer greens, it is 
only when the substituent is a sulfo group that definite blues result. 


NAPHTHALENI GREEN SERIES 
If the benzene ring carrying the sulfonic acid group ortho to the central carbon 
atom is replaced by a naphthalene- or naphtholsulfonic acid group, green dyes of 
improved fastness propertics are obtained. Apparently the fused second ring in 
naphthalene behaves like an ortho substituent. For example, Naphtalin Green V (16) 
(CI. 735) has good fastness properties although the sulfonie acid groups are not ortho 
tu the central carbon atom (11). 


nO oe anol ao 
C G $0.07 
Na00.8 $0,0- 30,0Na 


(16) Naphtalin Green V (C.9, 735) (17) Wool Green 8 (CLI. 787) 


If R salt (disodium 2-naphthol-3,0-disulfonate--see Vol. 9, pp. 255-56) is con- 
densed with Michler’s hydrol and subsequently oxidized, Wool Green S (CLI. 737) 
is obtained (ref. 10, p, 807). Although formula (17) shows the dye made from G salt, 
the more valuable dye is the oue from R salt. 

These dyes of the so-called Naphthalene Green serics are more important than 
other acid greens and are rapidly replacing them. 


Triaminotriarylmethane Dyes 
(Fuchsine, Rosaniline, or Magenta Series) 


This is by far the most important group of triphenylmethane dyes. The Fuchsine 
derivatives may be classed as follows: (2) acid Fuchsines, (2) phenylated Fuchsines or 
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Spirit Blues, (8) sulfonated Spirit Blues or alkali-soluble blues, (4) alkylated Fuch- 
sines, (5) Victoria Blues, (6) sulfonated alkylated Fuchsines (Acid Violets). 

The prototype of this group is Para Magenta (Parafuchsine, Pararosaniline) (18) 
(CLI. 676), obtained originally from aniline and p-toluidine. 


Since the starting muterials for these dyes have been in many cases mixtures of closely related 
amines, the products have also been mixtures. As a consequence, names such as “Fuchsine” and 
“Rosaniline’”’ are used somewhat luosely, and the formula assigned a dye may represent only the chief 
component of a mixture. Thus, the product obtained originally from aniline and p-toluidine has 
sometimes heen called simply Fuchsine or Rosaniline instead of the more precise Parafuchsine or Para- 
rosaniline, (Pararosaniline is restricted by some 1o the base, Pararosaniline hydrochloride or Para- 
fuchsine being used for the salt (18).) The mixed product obtained from aniline and a mixture of o- 
and p-toluidine (‘aniline oil for red’’), often represented as the monomethylated product, is properly 
called Fuchsine (Rosauiline, Homofuchsine, Magenta (19) (C.. 677)), This confusion in names and 
formulas carries on to the various classes of derivatives, 
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NH, 
(18) Para Magenta (Parafuchsine, Pararosanilinc) (C.J. 678) 


Many methods have been described for the manufacture of Parafuchsine (and 
other Fuchsines) but actually only two ever achieved any practical importance: 

(1) Oxidation of a mixture of two moles of aniline and one mole of p-toluidine by 
arsenic acid, nitrobenzene, etc. This method is rarely used in the U.8., but a modi- 
fication is probably used in Germany. This fusion utilizes a cheap, technical mixture 
of the o-, p-, and m-toluidines and -nitrololuenes, together with aniline, sinc 
chloride and ferrous chloride. The erude product is crystallized to give a relat ively 
pure Parafuchsine (ref. 8, Vol. 2, p. 330). 
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(2) Formation of a diaminodiphenylmethane from aniline and formaldehyde, 
followed by oxidation in the presence of aniline (Homolka’s method) (Scheme 12). 
This method gives higher yields of dve having a uniferm composition. Tf o-tolnidine 
js used in place of aniline in the above reaetion, the supposedly trimethylated New 
Fuchsine (20) (CL. G78) is formed. A mixture of e-toluidine and aniline gives Heme- 
fuchsine (C.I. 677), which is a mixture of Parafuchsine and iis mono- and dimethyl 
derivatives. Jn all these reactions the oxidation may also be carried out exclusively 
with air (2), 





cH, | CH, CH | 
aon ry not jon 
¢ cr ¢ cr 
NH; | NH, 
(19) Fuchsine (Rosaniline) (C.J. 677) (20) New Tuchsine (C.J. 678) 


The chief product of commerce is now Paratuchsine, which is used for dyeing silk, 
wool, and paper aud as a biological stain, but finds its main use in the preparation of 
Alkali Blues. New Fuchsine and Homofuchsine are used in the paper aud lake trade. 


ACID FUCHSINES 


Sulfonation of the Fuchsines with fuming sulfuric acid gives the Acid Fuchsines, 
in which the sulfonic acid groups must be meta to the central carbon atom because of 
the alkali sensitivity of the resulting dyes. The only member on the market is Acid 
Fuchsine (Acid Magenta), which is essentially the trisulfonic acid obtained from 
Parafuchsine, but is usually represented as C.J. 692, from Fuchsine or a mixture of 
Fuchsine and Parafuchsine. It finds little or no use for wool dyeing but is used as a 
hiological stain (see Vol. 12, p. 750), as an antihalation dye in photographic films, and 
as an anticaking agent for ammonium nitrate. 


PHENYLATED FUCHSINES (SPIRIT BLUES) 

The N-phenylated Fuchsines or Spirit Blues (Aniline Blues) contain varying 
amounts of mono-, di-, and triphenylfuchsines depending on the shade desired: with 
increasing number of phenyl groups, the shade changes from reddish to greenish. 
The phenylations are controlled to mateh the shade of an established standard. The 
dyes are prepared by heating Parafuchsine (or (Homo)fuchsine) with aniline in the 
presence of a small amount of benzoic acid. Up to three phenyl groups can be intro- 
duced into Parafuchsine, but only two into (Homo)fuchsine, as shown in the formulas 
for Spirit Sky Blue (Spirit Blue) (21) (CLI. 688), from Parafuchsine, and Spirit Blue 
(22) (C.J. 689), from Fuchsine. Approximately diphenylated Parafuchsine is pro- 
duced in much larger amounts than the triphenylated derivative because the reddish 
shades are stronger than the greenish, 

As the name implies, the Spirit Blues are alcohol-soluble, and they were used 
formerly for the coloring of spirit varnishes. Today they are prepared from Para- 
fuchsine only for conversion to their sulfonic acids. 


318 TRIPHENYLMETHANE DYES 


EOLA) (Oe 


Cr 
Cl- 
CH; 
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(21) Spirit Sky Blue (C.I. 688) (22) Spirit Blue (C.I. 689) 


BULFONATED SPIRIT BLUES 


The far more important Sulfonated Spirit Blues or Alkali-Soluble Blues (C.I. 703- 
707) are readily prepared by sulfonation of the phenylated products with concentrated 
sulfurie acid. Their solubility varies with the degree of sulfonation, that is, whether 
they contain one, two, or three sulfonic acid groups in the new phenyl groups. Be- 
cause the phenylated products and likewise their sulfonated products are mixtures, 
the designations of the dyes are very ambiguous; furthermore, some names, CJ. 
numbers, and formulas for derivatives of Fuchsine or a mixture of Fuchsine and Para- 
fuchsine are still given today, whereas the present commercial products are presumably 
derived chiefly from phenylated Parafuchsines. In general, the monosulfonic acids, 
which may also contain some disulfonic acids, are called Alkald Blues and are used in 
large amounts in printing inks (see Vol. 10, p. 684); the commercial products are 
essentially Alkali (Sky) Blue (23) (C.7. 703) (vef. 38, p. 186) or the corresponding 
monosulfonic acid of diphenylated Parafuchsine. 

The so-called disulfonic acids from phenylated Parafuchsines, which are probably 
mostly disulfonic acids with perhaps a little trisulfonic, are the Soluble Blues (as CI. 
705). They are used as their sodium salts for laundry blues and for blueing paper. 


FOL FOS 


80.07 80:0Na 50,07 
NH NH 
50,0Na 
(28) Alkali Sky Blue (C.J. 708) (24) Methyl Cotton Blue (C.I. 706) 


The more highly sulfonated Ink Blues (Acid Ink Blue, Water Ink Blue) are prob- 
ably chiefly trisulfonic acids. The largest commercial items are often designated 
Soluble Blue (Water-Soluble Aniline Blue) (CI. 707) and wrongly represented as 
derived from diphenylated Fuchsine or Fuchsine-Parafuchsine. Actually they must 
be approximately the same as Methyl Cotton Blue (Methyl Blue, Soluble Sky Blue) 
(24) (CI. 706) from triphenylated Parafuchsine, or the corresponding trisulfonie acid 
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from diphenylated Parafuchsine (equivalent to CZ. 707 without the Fuchsine methyl! 
group). The trisulfonic acids, usually as ammouium salts, are used in writing ink 
(see Vol. 7, p. 872) and as biological stains (sce Vol. 12, p. 751). 


ALKYLATED FUCTSINES 

The most important. Fuchsine derivatives are the N-alkylated Fuchsines. Hof- 
mann, during his researches on triphenylmcthanes, showed that the hydrogens of the 
amino groups in the Fuchsines can be replaced by methyl or ethyl groups. Direct 
alkylation, that is, treating Fuchsines with methyl or etlryl halides, yielded a mixture 
of mono-, di-, and trialkylated Fuchsines which was sold under the name of Hofmann’s 
Violet (C.7T. 679) (the original Hofmann’s Violet was the triethyl derivative of Fuch- 
sine). If the product was further alkylated, a quaternary ammonium salt such as 
Methyl Green (25) (CI. 684) was formed. Although this dye is no longer of any 
technical importance, having beeu replaced by the cheaper Malachite Green, it illus- 
trates the transformation of a dye of the Fuchsine series into a green dye similar to those 
of the Malachite Green class by the quaternization of one of the amino groups. 
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(25) Methyl Green (C.J. 684) (26) Methyl Violet B (C.J. 680) 


In an attempt to find a new method for the preparation of Hofmann’s Violet, 
Lauth oxidized dimethylaniline and obtained a violet of much bluer shade. Later, 
Bandy worked out a practical method for obtaining this dye and showed that it con- 
sisted essentially of pentamethylparafuchsine, introduced as Methyl Violet B (26) 
(C.I. 680), or Violet de Paris. Methyl Violet is made by a different process from any 
other triphenylmethane dye. Dimethylaniline is oxidized by air in the presence of 
copper sulfate as a catalyst, with phenol and a large amount of salt (NaCl). This 
gives rise to N-methylaniline and formaldehyde @Gcheme 13, eq. (7)). The formalde- 
hyde so formed reacts with the excess dimethylaniline present to give tetramethyl- 
diaminodiphenylmethane, which is then oxidized to Michler’s hydrol (see p. 310). 
The hydrol, upon condensing with the N-methylaniline formed in eq. (7), gives rise to 
the leuco base of Methyl Violet (27) (eq. 8), which is then oxidized to the dye. These 
reactions all take place within the same reactor; obviously if some dimethylaniline 
reacts with Michler’s hydrol, a product will be obtained with one more methyl group 
(Crystal Violet). Because of these side reactions, the Methyl Violet of commerce is 
usually a mixture. . . . 

Methyl] Violet is sold in enormous quantities for printing inks (see Vol. 11, p. 152), 
paper dyeing, hectograph inks, typewriter ribbons, and duplicating papers. Methyl 
Violet base can be prepared by the neutralization of the dye with sodium hydroxide. 
The dye itself in weak acid solution forms valuable lakes with phosphomolybdotungstic 
acid (see Vol. 10, p. 675). - 
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(1) Michlex’s hydrol (27) Leuco Methyl Violet 


The next higher homolog of Methy! Violet is Crystal Violet (28) (C7. 681). The 
method used for its manufacture is based on Michler’s observation during his work on 
the preparation of tetramethyldiaminobenzophenone (sec p, 310) that a small quan- 
tity of an intense violet substance was formed during the reaction of phosgene with 
dimethylaniline. However, it remained for IXern and Caro to recognize the impor- 
tance of this side reaction. They showecl that if anhydrous aluminum chloride or 
zinc chloride is present during the formation of the ketone, the reaction does not stop 
at the ketone stage but proceeds to dye formation (see Scheme 14). 
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(28) Crystal Violet (C.J. 681) 


Similarly Ethyl Violet (CI. 682) is formed if tetraethyldiaminobenzophenone is 
used in place of the methyl analog. 


The production of Crystal Violet is about half that of Methyl Violet, and the 
uses are similar. 

Other methods for the preparation of N-alkylated Parafuchsines were also dis- 
covered by Kern and Caro. For example, Michler’s hydrol condenses very readily 
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with tertiary amines to give V-hexaulkyluted Ieueo bases, which in turn are oxidized 
Lo the corresponding Parafuechsines. This general method has recently been applied 
to the preparation of the so-called Crystal Violet Lactone (3,3-bis(y-dimethylamino- 
phenyl)-6-dimethylaminophthalide) (29) from m-dimethylaminobenzvic acid (Scheme 
15) (23a). This lactone finds use in the manufacture of a novel type of colorless 
copying paper (1,33,34). 
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(29) Crystal Violet Lactone 


VICTORIA BLUES 


N-Alkylated Parafuchsine dyes can algo be formed by reaction of Michler’s ketone 
with an arylamine in the presence of phosphorus oxychloride. The reaction presum- 
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(32) Fast Acid Violet 10B (C.2. 696) (83) Acid Violet 6B (C.L. 717) 
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ably proceeds through the intermediate formation of tetramethyldiaminobenzophenone 
dichloride—an extremely unstable compound. This method is used at present for the 
manufacture of the Vietoria Blues, which are diphenyInaphthylmethane dyes. 

Thus, from N-phenyl-l-naphthylamine and Michler’s ketone there is obtained 
Victoria Blue B (80) (CJ. 729). Victoria Blue R (CI. 728) is the analog from N- 
ethyl-l-naphthylamine, and Victoria Blue 4R (Cl. 690) that from N-phenyl-N- 
methyl-l-naphthylamine. If tetraethyl-p,y’-diaminobenzophenone is condensed with 
N-ethyl-l-naphthylamine, the important. Victoria Pure Blue B (Pr. 198) is formed. 

The Victoria Blues, in spite of their poor lightfastness, are highly prized for the 
dyeing of wool and silk because of their royal blue shades. 





ACID VIOLETS 


Sulfonic acid derivatives of the alkylated Fuchsines are valuable wool dyes, the 
so-called Acid Violets. The sulfonic acid groups are introduced by methods similar to 
those used in the Malachite series (see p. 313). The most important members of 
the Acid Violets are Formyl Violet S4B (81) (C.J. 698), Fast Acid Violet 10B (32) 
(C.I. 696), and Acid Violet 6B (33) (CLI. 717). (The sulfonic acid groups correctly 
shown here as meta in CT. 698 and 696, are shown as para in the Colour Index. In ad- 
dition to CLI. 698, a different Formyl Violet is mace at present by using dimethyl- 
aniline instead of diethylaniline in the final condensation. Another Acid Violet 6B 
(FD&C Violet No. 1, Cl. 697) also has meta, not para, sulfonic acid groups.) Trust 
Acid Violet 10B, with a sulfo group ortho to the central carbon atom, is fast to alkali, 
whereas Formyl Violet is not fast to alkali. 

Introduction of two methyl groups ortho to the central carbon atom in Formyl 
Violet changes this dye from a violet to a blue, Brilliant Wool Blue FFR (34) (Pr. 40). 
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(34) Brilliant Wool Blue FFR (Pr. 40) 
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(35) Brilliant Indocyanines (Pr, 222, 228) 
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Tastness to light in this series has been achieved by modifying the molecule so 
that a p-alkoxydiphenylamine structure is present (25). Two important dyes are 
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produced in this way: Brilliant Indocyanine 6B-CF (Pr, 222) (85, X = hydrogen) aud 
Brilliant Indocyanine G (Pr, 223) (35, X = methyl). 


The Hydroxytriarylmethanes 
(Rosolic Acid Series) 


Aurin (rosolic acid) (36) (CI. 724) is the prototype of this series but has no 
technical significance as a dye in spite of its deep red color. Two grades, one with 
m.p. 808-10°C. (decompn.) and a practical grade, which may he yellowish-brown, are 
commercially available for use as a dye intermediate, 


mol ion 
Cc 


OH 
(86) Aurin (C.J. 724) 

The first member of this series, Chrome Violet (aurintricarboxylic acid) (37) 
(C.I. 727) was prepared by Sandmeyer by heating sulieylie acid and formaldehyde with 
concentrated suifurte acid, followed by oxidation with nitrosylsulfuric acid. Pre- 
sumubly the reaction proceeds as shown in Scheme 16. 
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(87) Chrome Violet (C.F. 727) 


Chrome Violet is a chrome mordant dye for cotton, giving pretty, reddish-violet 
shades not too fast to light. In fact, this lack of lightfastness is a characteristic of 
the group asa, whole. The triammonium salt, Alwminon, is used i in analysis, espec ially 
for aluminum, with which it forms a red lake. 
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Generally, o-cresotinie avid (2,3-eresotic acid) is used in place of salicylic acid 
since the dye from the latter shows only shght change on chroming. The central 
carbon atom may he furnished by an aromatic aldehyde instead of hy formaldehyde, 
as in the use of benzaldehyde-o-sulfonic acid for the preparation of Eriochrome Cyanine 
R (Acid Chrome Cyanine R) (88) (C.I. 722) (see Scheme 17). This dye gives violet- 
blue shades on chroming. 
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(88) Eriochrome Cyanine R (C.J. 722) (39) 


If p-diéthylaminobenzaldehyde is used in place of benzaldehyde-o-sulfonic acid, 
Chromoxane Cyanine RE (Pr. 461) results. The very valuable Eriochrome Azurol B 
(Acid Chrome Azurol B) (C.I. 720) results from the condensation of o-cresotinic acid 
and 2,6-dichlorobenzaldehyde. Yt dyes wool a Bordeaux shade which is converted 
into blue by afterchroming. 

The central carbon atom may also be furnished by Michler’s hydrol, which with 
o-cresotinic acid gives Monochrome Violet FB (Pr. 301). 

Efforts have been made to increase the lightfastness of this group by the prepara- 
tion of compounds of the type of (39). 


Triphenylmethane-like Compounds Containing One or More Heterocylic Rings 


Compounds are known in which one or more of the benzene rings in triphenyl- 
methane are substituted by a heterocyclic rmg. Examples of leuco bases of this type 
are those containing the rings of pyrrole (40) (see also Vol. 11, p. 349), thiophene (41) 
(16), indole (g.2.)(42)(7), and quinoline (43)(6) (see also Vol. 11, p. 408). A series of 
Rosindole dyes have been prepared by condensation of 2-substituted indoles or in- 
dolylmagnesium halides with aldehydes and oxidation of the leuco bases in the presence 
of acid. They form the basis for a colorimetric estimation of many indoles; thus, 2- 
methylindole and p-dimethylaminobenzaldehyde in alcoholic solution give a red color 
on the addition of hydrochloric acid (20a). 
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None of these leaco heterocyclic compounds have amy commercial value. Tlow- 
ever, since 1940 patents have been taken out on a number of indolyldiarylmethane 
acid dyes for which excellent lightfastness is claimed (1). Typical is Wool Fast Blue 
FBL (44), which gives fast blue dyeings on silk and wool. Except for specialized uses, 
it. is doubtful whether these dyes will ever achieve commercial importance, principally 
because of their high cost. 


Moth Inhibitors of the Triphenylmethane Series 


The triphenylmethane moth inhibitors, as well as the triphenylphosphine deriva- 
tives, are notable for their effectiveness throughout the normal life of the fabric (see 
Vol. 13, p. 904). The triphenylmethanes are more effective than all other known moth 
inhibitors (except Mitin FF, a derivative of diphenylurea, and Eulan NK, a tetra- 
phenylphesphonium salt) because they combine the characteristics of a moth inhibitor 
andadye. Although they are “colorless dyes,” they can be applied to wool similarly 
to dyes, even during the dyeing operation (37a). 

History. The systematic research that led to the discovery of these valuable moth inhibitors 
had its beginning in the saying among German housewives that cloth dyed green was never attacked 
by moths. E. Meckbach, working in the laboratories of the Bayer Company, found that this was 
netually true; the yellow component used to produce green dyeings was Martius Yellow (2,4-dinitro-t- 
naphthol), which did, in fuct, mothproof woo! (17). At first, Meckbuch had high hopes that he could 
produce 2 range of dyes that would muke wool mothproof, Although literally thousands of dyes 
were subsequently investigated, none proved to he as effective as Martius Yellow. Minaetf also 
investigated the use of dyes for this purpose and cume up with equally discouraging results (18). 
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However, Meckbach’s researches led to the discovery that any inorganic compound containing 
fluorine will mothproof wool. In 1920 the Bayer Company came out with « series of fluoro compounds 
as mothproofers, under the name “Jfulans.”’ The use of fluoro compounds, however, was far froin 
satisfactory, principally because of the difficulties encountered in application and the very poor wash 
fastness of such compounds. 


In 1928, the I, G. Farbenindustrie placed on the market the first of the colorless triphenyl- 
methane dyes with excellent moth-inhibiting qualities, under the name Eulan N (Bulan New). 


Ewan N (2,2'-dihydroxy-3,5,3’,5’-tetrachlorotriphenylmethanc-2”-sodium — sul- 
fonale, sodium  a,a-bis(3,5-dichloro-2-hydroxyphenyl)-o-toluenesulfonate) (45) is 
manufactured by coudensing 2,4-dichlorophenol with the sodium salt of benzaldehyde- 
o-sulfonic acid (24) (see Scheme 18), This is a general reaction for the preparation of 
compounds of this type, 


ScupmMe 18 


C1 CHO Cl Cl 
5Q.0Na 
2 + —_> + TLO 
Cl Cl cH Cl 
OH 10) s3 OH 
50,0Na 


(45) Dulan N 


Many modifications of the Hulan N structure were studied. Isomers were pre- 
pared, more chlorine and additional sulfonic acid groups were introduced into the mole- 
cule, and esters and ethers were prepared (20). The relation between, chemical strue- 
ture and mothproofing effect was also investigated on dihydroxydi(and tri)phenyl- 
methanes and their chloro derivatives (168). 
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Such varied structures as (46) (ref. 22, frame 802) and (47) (20) were also ex- 
amined. The only modification of the Eulan N structure that proved to be of com- 
mercial value was the introduction of a chlorine group meta to the sulfonie acid group 
to give the agent (48), marketed hy the I.G. in 1934 as Eulan CN (20), and three years 
after World War II by Imperial Chemical Industries, Ltd., as Lanoe CN. Eulan CN 
has twice the moth-inhibiting properties of Eulan N. 

Although Meckbach was unable to find a range of dyes with motliproofing prop- 
erties, the LG. actually prepared such products about 1940. This was aecomplished| 
hy introducing the fundamental Eulan N structure into well-kuown dye structures. 
lor this purpose amino Eulan N was prepared by the coudensation of 2,(-diehloro- 
phenol with the sodium salt, of p-amimobenzaldehyde-o-sulfonic acid (ref. 22, frame 
768). From this amino compound, by conventional reactions, were prepared repre- 
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sentatives of various types of dyes, for example, azo (49) (ref. 22, frame 805), Naphthol 
AS (50) (ref. 22, frame 807), anthraquinone (51) (ref. 22, frame 808), and tripheny!- 
methane dyes, It is doubtful whether these dyes will ever achieve commercial im- 
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portance as mothproofers. Aside from their high cost, sufficient mothproofing can 
only be obtained with the deep shades. 
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TRISACCHARIDES. See Sugars (survey). 
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TRITONAL. Sce Explosives (high), Vol. 6, p. 56. 


TRITYLATION 


Introduction of the trityl (triphenvhnethyl) group, (CsHs)sC—. 


TROCHES. See Pharmaceuticals, Vol. 10, p. 230. 

TROEGER’S BASE, CiltigNe. See Schiff bases, Vol. 12, pp. 110, 114. 
TRONA, NacCOs.NaHCO;.20.0. See Sodium compounds, Vol. 12, p. 601. 
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TROPAEOLIN 0; TROPAEOLIN OO. See Indicators, Vol. 7, p. 805. 
TROPICAL BLEACH. See Chlorine compounds, inorganic, Vol. 3, p, 689. 
TROPINE, CsH,NO; TROPEINES. See Alkaloids, Vol. 1, p. 479. 
TRUB. See Beer and brewing, Vol. 2, p. 395. 

TRUXILLINES, CygHagN.Os. See Alhaloids, Vol. 1, p. 481. 
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TRYPANOCIDES 


Agents having value in the destruction of trypanosomes are known as trypanocides or 
trypanosomicides. The parasites involved are spindle-shaped, flagellated protozoa, 
which belong to the genus Trypanosoma of the family Trypanosomidae in the class 
Mastigophora, These organisms occur in fish, amphibians, reptiles, birds, and mam- 
mals, sometimes causing apparently symptomless infections, but usually marked path- 
ological changes take place in the host and death may result. The trypanosomes of 
man and other mammals most frequently invade the bloodstream as the result of a bite 
of an infected insect. In the case of Trypanosoma equiperdum, the need for an inter- 
mediate insect host has been lost, and the parasite is transferred directly by infected 
horses during coitus. Hoare (89,90) has discussed the interrelationships of hemo- 
flagellates and the systematic classification of mammalian trypanosomes. 


Biology of Mammalian Trypanosomes 


The trypanosomal parasites of man include Trypanosoma gambiense, 7. rhodsiense, T. cruzi, 
and TY. ariarit. The first two organisms, which are transmitted by the bite of Glossina, the tsetse fly, 
cause forms of African sleeping sickness (not to be confused with the virus-caused encephalitides), 
These organisms are transmitted hy inoculutive means, having developed iu the salivary glands of the 
intermediate insect host (anterior development). Both of these species of trypanasomes oceur in the 
blood and lymph in early stages of the infections und later pass through the cerebral capillary walls 
(blood-brain barrier) to invade the brain tissue and cerebrospinal fluid. If untreated, this eneeph- 
alitis leads to prolonged comatose states and eventual death. The infections caused by 7. rhodestense 
are more rapid in elinical course than those involving 1’. ganibiense. 

T.. crust is the causative agent of Chagas’ disease, sometimes called South Ameriean trypano- 
somiasis. It is transmitted by the exposure of an open wound.(as from an insert bite) or the mucous 
membranes to the feces of infected reduviid (“kissing”) bugs; this is called transmission by con- 
taminative means. The trypanosomes undergo development in the posterior portion of the alimen- 
tary tract of the insects. 7’. cruzi attacks the reticuloendothelial system (a result of the form of the 
parasite), as well as other tissues and the bloodstream and produces an inflammatory condition, which 
is most often chronic. Involvement of the eardiae muscles may cause death, especially in young 
children, who are outstandingly susceptible to the disease. 

YT. ariarit was discovered near Bogotd in Colombia and was reported as a human parasite in 1951 
(23). Relatively little is known concerning this organism, which might he the same as the rat 
trypanosome, 2’. lewisi, reported from the Federated Malay States in 1933. There are a number of 
sources of information on the human trypanosomiases, both with respect to the parasites and the 
clinical aspects of the diseases produced (83,85,87,90). 

Although greater interest is ordinarily attached to diseases directly affeeting man, the impact 
of & number of trypanosomal diseases of animals upon world economy is of considerable significance. 
Among the more destructive of the trypanosomes causing infoctions of man’s animals are: 7’, evanst 
(surra; the diseases known as murrina and derrengadern, once considered to be due to 7’. heppicuns 
and 7, venezuelense, appear to be produced by strains of T, evanst); T. brucei (nagana); T. cazalbout 
(souma); 7’. equinum (mal de caderas); LT. equiperdum (dourine); 7’. theilert (galaickte); und 7’. 
congolense. The greater number of these diseases are transmitted by insects, especially various species 
of the tsetse flies, which abound in much of Africa. Laboratory animals, especially rodents, have 
been employed in the testing of potential trypanocides. Among the parasites most frequently used 
for this purpose are 7’, braced, T. evans, 1. equiperdum, T’. congolense, and 7. cruzi (50). Veterinary 
parasitology has heen treated in its general aspecta by a number of authors (83,90,93). 

The biochemistry of the trypanosomes has been investigated rather well and its general aspects 
summarized (82,92). Certain of the findings, especially those relating to the intense aerobic glycolysis 
by the African trypanosomes, have proved of interest in the development of patterns of research on 
potential trypanocides. Ii is highly significant that the metabolic processes of the organisms may. 
vary with the stages in the life cycle in the intermediate and definitive hosts (crithidial and trypano- 
somal forms in most cuses; 7’. eruve? has a leishmanial stage in addition to these). 
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The marked differences in the several groups of trypanosomes (89,90) are partieu- 
larly shown in a comparison of the trypanosomiases catsed by representatives of the 
lewist and brucei groups which infeet man. VT. eruai, & parasite of the lewis? group, 
not only shows morphological and biologieal characteristies such as lower carbohydrate 
requirements which set it apart from the African trypanosomes T. gambiense and 
T. rhodesiense (brucei group), but its response to chemotherapeutic agents also high- 
lights the clifferences. Therefore the discussion on trypanocidal agents is separated 
into two groups, because those drugs which have value in sleeping sickness fail to in- 
fluence Chagas’ disease and vice versa. 


Chemotherapy of the African Trypanosomiases 


NATURAL PRODUCTS 


Sleeping sickness has been a great scourge to the peoples of Africa; however, there 
have been few reports concerning native treatments other than those involving ex- 
cision of the cervical lymph nodes (which became enlarged: Winterbottom’s sign of 
African trypanosomiasis) or incantations (46,66). Certain remedies which have been 
used in Liberia have been divulged (88). Most of these are purely botanicals; how- 
ever, one consists of the bark of Newboldia laevis roots, roasted, then beaten with 
peppers and cockroach dung, the mixture being rubbed into the scalp of the patient. 
It appears that only one preparation of botanical origin has been given (ansuccessful) 
trial under medical supervision (5). 

The trypanocidal action of materials obtained from bacteria has been known for 
many years (13,37,59,68,72), but these have not proved to be of practical importance. 
Antibiotics from fungi, including penicillin, have no value against these hemoflagellates 
(48,61). There has been indication that certain Actinomyces produce antibiotics 
having action on trypanosomes (11,27,48,55,60,64,69); of these only puromycin 
(from Streptomyces albo-niger) and erythromycin, N.N.R. (from Streptomyces erythreus, 
see Vol. 18, p. 94) seem to have activity at a potentially practical level. Puromycin 
has strneture I (3,29,70); the related amino nucleoside (I, R—=H) appears to have 
greater trypanocidal activity than the antibiotic (2). 
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(I) Puromycin 


Both epinephrine (q0.) (G2) and cortisone (sce Vol. 7, p. 500) (16,73) exert an 
unfavorable effect upon trypanosome infections, by causing a more rapid increase in 
parasite numbers. 


ARSENICALS 


Arsenic-containing compounds represent the most thoroughly investigated class 
of trypanocides, and have a long and varied history of use (81,84,85,91) (see also 
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Arsente preparations). Apparently, Dr. David Livingstone first suggested the use of 
nn arsenic compound in the treatment of an animal trypanosomiasis as early as 1858, 
The first actual trial of an arsenical in an experimental trypanosomiasis involved the 
use of atoxyl (sodium arsanilate) in 1904. However, long before the elucidation of ites 
struclure in 1907, atoxyl was known to have serious toxic effects (especially with 
regard to its damage of the optic nerve), ‘Lhe gencral pattern of work in the field has 
centered about the aromati¢ arsonic acids. Among the great numbers of compounds 
which were investigated (81,86,91) in an effort to achieve greater effectiveness in all 
stages of sleeping sickness without the scrious toxicity of atoxyl, tryparsamide, U.S.P. 
XIV, represented the first great advance (91). This drug was synthesized in 1919, 
and through the succeeding years has shown such marked worth that it still finds wide 
use. The Belgian government awarded a prize for the development of this drug even 
though its administration is not without hazards, in particular when the patient is 
poorly nourished. At the present time, there is another arsanilic acid derivative, 
disodiam -(4,6-diamino-s-triazin-2-yl)arsanilate (Melarsen) (II), which is being 
given considerable attention because of favorable chemotherapeutic index (the ratio 
of the curative dose to the lethal dose of the drug). It is made by the reaction of 
atoxy] with 2-chloro-4,6-diamino-s-triazine (4,17). Notwithstanding their value in 
carly cases of African trypanosomiasis, the tendency has been to avoid the use of penta- 
valent arsevicals because the toxicity is great. Considerable significance may be 
uttached to the mechanism of action of the arsonic acids through reduction 7 vive and 


the combination of the resultant trivalent arsenic type with thiol groups in various 
enzymes (91) 


NH, 
N* “N 


HN Lyn a{ AsO,Na; 


(II) Disodium V-(4,6-diamino- 
s-triazin-2-ylarsanilate 


4-(p-Arsenosophenyl)butyrie acid (Butarsen, compound 70A) was one of the 
earlier trivalent arsenicaly which showed marked antitrypanosomal action and rela- 
tively low toxicity in experimental infection. However, its value was less than desired 
in the clinic (91). The arsenoso compound (“arsenoxide’’) (IIT), which has heen callecl 
Melarsen oxide, although it is prepared by the reduction of Melarsen with sulfur 
dioxide and hydriodic acid (4,17), has been shown to be superior to Butarsen in field 
trial. This arsenoxide, although considerably active against strains of trypanosomes 
which resist the pentavalent arsenicals, is less potent than the 2-arsa-1,3-dithiacyclo- 
pentane derivative (Mel B, arsobal) (IV). This latter compound has very marked 
trypanocidal action even in later-stage cases and causes relatively few toxic mani- 
festations. It is prepared (80) by the reaction of the arsenoxide (IIT) with 2,3- 
dimercaptopropanol (British Anti-Lewisite, BAL). 
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ANTIMONTALS 


Tartar emetic (antimony potassium tartrate, U.S.P. XIV) (see Vol. 2, p. 65) was 
first used as a trypanocide in 1907. There was some competition in the clinical use of 
tartar emetic and atoxy! for a while, but it eventually became apparent that antimony 
compounds were not as effective in the treatment of this type of hemoflagellate infec- 
tion as in leishmaniasis (81,91). Among the trypanocidal antimonials which have 
received serious attention in the clinic, MSb and MSb3 appear to have the most 
satisfactory balance of chemotherapeutic and pharmacologic properties. Both of 
these are melamine derivatives. MSb is a polymer of the sodium salt (V) of mel- 


NH, NH, 
N7-N . a 
H.N \ NH € \svone IN ea) Sb[SCHCOONa}: 
(V¥V) Sodium N-(4,6-diamino-s- (VI) MB&b3 


triazin-2-yl)stilbanilate (MSh) 


aminylstibanilic acid (y-(4,6-diamino-s-triazin-2-ylamino)benzenestibonic acid), pro- 
duced by the action of urea on that compound under carefully controlled conditions 
(18). Melaminylstibanilic acid may be prepared by the reaction of stibanilic acid with 
2-chloro-4,6-diamino-s-triazine, in much the same way as (ID. MSb3 (VI) is a 
trivalent antimony compound, which is made by the action of sodium thioglycolate on 
(V) (79). MSb has an extremely favorable chemotherapeutic index and shows definite 
prophylactic action. MSb3 resembles Melarsen oxide (III) in its behavior in the 
patient. Final evaluation of these antimonials must await completion of field trials. 
The mode of action is probably the same as that of the arsenicals. 


DYES AND KINDRED DRUGS 

The systematic investigation of many classes of dyes (q¢.v.) us poteutial chemo- 
therapeutic agents led Ehrlich and coworkers to the discovery (91) that certain disazo 
dyes had some trypanocidal activity. Among this group of dyes, Trypan Red (CI. 
488) (VID and Trypan Blue (CL. 477) (VITD, had particularly noteworthy value. 
Eventually, the pattern of variations in the field led to the urea derivative Afridol 
Violet (IX), which became the point of departure into a long series of ureas. The 
culmination of the work was a class of nontinctorial symmetrical urea derivatives which 
contained naphthylaminesulfonie acid moieties. 
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(VIET) Trypan Blue 
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The development of this series, which entailed the synthesis and testing of nearly 
2,000 compounds, finally produced the powerful trypanocide suramin sodium, U.S.P. 
XIV, N.N.R. (Bayer 205, Fourneau 309, Naphuride sodium) (X).  Itisimportant to 
note that even minor variations in the structure of this complex compound result in 
marked decrease in activity. The drug was synthesized during World War I, and 
announcement was made in 1920 without divulging the structure (15,20,64,84,94). 
The original synthesis was accomplished by Heymann and coworkers (28). However, 
it was necessary for Fourneau and his collaborators (15) to reinvestigate a great por- 
tiou of the field in the incisive efforts which led to the unravelling of the structure of 
(X). This complex ures derivative was prepared by the reaction of sodium 1-naph- 
thylamine-4,6,8-lisulfonate with 4-methyl-3-nitrobenzvy! chloride to give a nitro 


NaQss NHCO CH, 
NH, OH 


Nad:8 80,Na co 
2 SO;Na 
C Ina 3 


(TX)  Afridol Violet (X) Suramin sodium 


amide. The nitro group was reduced and the resulting amino amide further treated 
with 3-nitrobenzoyl chloride to give a nitro diamide. This nitro group was then re- 
duced, and the amino diamide converted into suramin sodium by reaction with phos- 
gene. Suramin hus high activity im early stages of several African trypanosomiases 
and also has noteworthy prophylactic activity of long duration. There seems to be 
synergism with the arsenicals, and combination treatment has been advocated. 
The persistence of suramin in the body is not apparently related to the trypanocidal 
activity; however, it may be interrelated through the ability of the drug to combine 
firmly with protein materials. ‘This remarkable compound has had widespread use in 
both human and veterinary prattice despite the fact that serious toxic side effects may 
occur, in particular kidney damage such as nephritis. 

Both a mixture and a true salt of'suramin with pentamidine (XIII) have been 
tested (see p. 335). 


DIAMIDINE DRUGS 

The facts that trypanosomes exhibit intense glycolysis and that 1,1’-decamethyl- 
enediguanidine (Synthalin), HaN(NH:jCNH(CH,).NHCCNIDNH:, causes hypo- 
glycemia were the basis for a trial of this compound against 7’. brucez (30,85). It was 
later shown (40) that the considerable trypanocidal activity of the compound was not 
related to its ability to produce a hypoglycemic state in the host, but the work with 
this compound led to investigation ‘of a new series. Dodecanediamidine, H,N- 
(NH:)C(CH2)wC(: NH)NHp, was eventually prepared and shown to be superior to 
1,1’-decamethylenediguanidine (33). A variety of spacing units was inserted be- 
tween the two guanyl groups to develop the highly interesting series of diamidine 
compounds. 

The most effective trypanocides of the diamidine types were found to be the isc- 
thionie acid (HOCHsCH28O,H) salts of stilbamidine (XT) (stilbamidine isethionate, 
N.N.R., 4,4’-stilbenecicarboxamidine di(2-hydroxycthancsulfonate)), propamidine 
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(XIJ), and pentamidine (XIII). All of these drugs are prepared in a similar way 
through the conversion of the requisite dinitriles to the imino ether hydrochlorides 
by the action of anhydrous hydrogen chloride on solutions of the dinitriles in ethyl 
alcohol, aud thence to the diamidines by reaction of the intermediates with ammonia. 
‘The compounds have considerable and cumulative toxicity; therefore while (XI) and 
(XII) surpass (XII) in activity, the lower toxicity of pentamidine isethionate has led 
to its wider use in the treatment of early cases of sleeping sickness. In particular, 
stilbamidine shows marked effects upon the nervous system, with the trigeminal nerve 
suffering the grcatest damage. 2-Hydroxystilbamidine (XI, R-==OH) is cousicder- 
ably less toxiv than (XI), but is more expensive and difficult to synthesize. 


eaed_ Ye oud Not NS O(CH of Soc 
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(X1) Stilbamidine (R = H) (XII) Propamidine (n= 3) 
(X11) Pentamidine (n= 5) 


The combined use of pentamidine with suramin (X.) tends to annul the tonic side 
effects of each with no apparent decrease in trypanocidal activity (24). A true salt 
(4891 RP) of pentamidine with suramin, containing 45.5% of CX), 35.7% of (XIID), 
and 18.9% of water, has been made (78) and has been shown to have lower toxivity 
than either component with undiminished trypanocidal activity. It is currently 
undergoing experimental studies (63). The diamidine drugs have » wide range of 
pharmacologic and chemotherapeutic actions, and such matters have been discussed 
critically (65). 


QUINOLINE, PHENANTHRIDINE, AND CINNOLINE DERIVATIVES 

The quinoline derivatives which exhibit trypanocidal activity have usually been 
limited in use to veterinary practice. Investigations in this class seem to have been 
initiated by Browning, ef al. in Britain (7). The best compound was Browning No. 245 
(XIV), but it failed to show satisfactory activity after careful evaluation. Another, 
more active trypanocidal quinoline derivative was prepared in Germany, and became 
known as Surfen C or Congasin (XV) (32), In Britain again a more satisfactory 
trypanocide, Antrycide (XVI), was synthesized by the group (12,75) responsible for 
the antimalarial drug proguanil. Antrycicde is undergoing continuing field trials in the 
treatment of trypanosome infections in cattle. 
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All of the phenanthridine derivatives that show value in the treatment of the 
African trypanosomiases in cattle are quaternary salts (phenanthridinium salts). 
The first of this type to reach field trial was Phenidium chloride CX VID) (8,77), and 
then came Dimidinm bromide (XVIII) (5,76). There is considerable improvement in 
trypanocidal aetivity when the quaternizing group in (XVITI) is a higher alkyl, 
for example, the ethyl group in Ethidium bromide, (71,74). Difficulties have been 
experienced in the use of certain phenanthridinium salts, because photosensitization 
develops in animals, including the hardy Zebu cattle. 
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A cinnolinium salt (No. 528, XIX) which has certain resemblances to the 4-amino- 
quinoline series has considerable activity in experimental trypanosomiasis (89,45). 
This field may prove to be of continuing interest in the development of new trypano- 
cides. 


NH, NH NH, 
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Chemotherapy of Chagas’ Disease 


7’. cruzt shows certain distinct and important differences in behavior when com- 
pared with the so-called African trypanosomes (see p. 331) and was at one time classi- 
fied quite apart from them. Despite the advances that have been made in the treat- 
ment of the African trypanosomiases, no truly satisfactory drug is available for Chagas’ 
disease, and much of the treatment is supportive in character, and essentially that em- 
ployed in cases of congestive heart failure. 

Interest in T. cruzi was increased because it was claimed (84,35) that the organ- 
ism produced an endotoxin which had oncolytic effects. This has not been confirmed 
by most investigators (19,25,67). However, cultures of 7'. cruzt which have been pre- 
treated at 48°C. may be used (47,56) in the cultivation of Ldameba histolytica in vitro. 
The latter organism, which is the causative agent of amebiasis, had not been obtained 
in bacteria_free cultures prior to this development; this may have considerable im- 
portance in the testing of amebacidal drugs. 


NATURAL PRODUCTS 


The fact that Chagas’ disease was not recognized as an entity until 1909 essentially 
precluded the development of folk remedies for this trypanosomiasis. The anti- 
biotics, in general, fail to show appreciable activity against 7. cruet (49,58). Quinine 
has an unfavorable effect on infections by this parasite (10), as does cortisone (16). 
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ACTH (see Vol. 7, p. 484) may have some beneficial action, but this has not been 
clearly established (57,58). 


ARSENICALS 
T. cruzi has shown remarkable refractoriness to the arsenicals which have definite 
activity against other trypanosomes, This has been a matter of considerable interest, 
especially in relation to the development of arsenic fastness in other species. Only 
two complex arsenobenzene derivatives have shown noteworthy activity against this 
parasite, namely Bayer 9736 (As) (XX) and Bayer 10,557 (A-XT) (26), Each of these 
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R N(CH.CHUHCH,OH): 


OH O— CSCH,CH.COONa 
(XX) R=NHCOCH, 
(XX]I) Re 
compounds has undergone limited clinical trial (U4,36,51), the latter under the name 
Spirotrypan (26). The investigation of these types followed a pattern based on activity 
against arsenic-fast trypanosomes (26), and the final step lay in the reduction of the 
two arsonic acids to the mixed-type arscnobeuzene in a single reaction mixture, 


QUINOLINIE DERIVATIVES 
The first compound that showed activity in experimental Chagas’ disease 
(which is best studied in juveniles, whether rodents or dogs) was a quinoline derivative, 
Bayer 7602 (Ac) (Chagavlon, XXII) (32). This drug is prepared by the reaction of 
4,6-diaminoquinaldine with diallylmalonyl chloride. It has definite value in the 
clinic, especially in very early cases; however, its administration is very painful and 
its toxicity is considerable (86,42,51,58). 
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The 8-amino-6-methoxyquinolines, which are well-known for potent antiplasmodial 
action (see Vol. 8, p. 668), have been established also as valuable drugs in the treatment, 
of 7. eruat infections (20,31,53,54,58). Primaquine (SN 13,272) seems to be the most 
effective of this group. Unfortunately, the 8-aminoquinolines show considerably 
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greater toxic side effects (as, for example, in the production of blood dyscrasias) 
among non-Caucasians, and Chagas’ disease is more prevalent among the poorer 
groups, which have a heterogeneous ancestry in the Tbero-American areas where the 
spread of the parasite is most marked. 


PHENANTHRIDINE TYPES 

The discovery of antitrypanosomal activity among a series of pheuanthridinium 
salts led to a broad, general program which eventually established the fact that certain 
derivatives which have urethan (qg.v.) groupings were active against 7. cruzi (7). A 
detailed evaluation of the structural variations and activity in the series (22) resulted 
in the choice of (XXIII) for further study; this compound was designated (21) 
168C49 or Carbidium sulfate. The clinical use of this drug has been limited (44,51), 
but with results satisfactory enough to merit further trial. 
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TRYPARSAMIDE, NaHOz,AsC eH NIICH.CONE,. See Arsenic preparations, Vol. 2, 
p. 129; Prypanocides, Vol, 14, p. 332. 


TRYPSIN. See Haymes, Vol. 5, pp. 752, 758, 759. 


TRYPTOPHAN, TRYPTOPHANE, Coll, NH.CH:CCHCH(NH,)COOH. See Amino 
| ee | 
acids, Vol. 1, pp. 719, 720, 726; Indole, Vol. 7, p. 843. 


TUBERCULOSTATIC AGENTS 


Tuberctiostutic agents are compounds that have proved active against strains of 
Mycobacterium tuberculosis (Bacillus tuberculosis), which are the causative agents of the 
infectious discase tuberculosis and were first isolated by Koch in 1882. Although 
thousands of compounds of natural and synthetic origin have been tested and found 
active at low concentrations in inhibiting the growth of these bacteria dn witre, the 
number giving a positive chemotherapeutic response in well-controlled animal tests 
is in the low hundreds and the number showing demonstrated clinical usefulness may 
be counted on the fingers of onc hand. Nevertheless, the clinician by appropriate use 
of combinations of these drugs together with bed rest and surgery where indicated 
has made marked strides in the control of the disease even in advanced causes and 
hitherto uniformly jatal forms. 


Tuberculosis hag been known as phthisia since the time of Hippocrates; it was also ealled 
“coustption” nueh liter, Tt my afeet any organ or Ligsue in the body but the most common form 
is tuberculosis of the lung, which causes more than 90% of the deaths due Lo tuberculosis in the U.S. 
and more than 80% of such devths in Great Britain, The disease may vary in intensity from the 
“JTatent tuberculosis” which shows no change over a prolonged period of time, hut is incompletely 
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healed and potentially active, to the neate generalized tuberculosis Gueute miliary or disseminated tubler- 
euosis), in whieh the bucteria are widely slisiributed in darge numbers throughout the body, wid which, 
withortt treatment, is rapidby fatal. 

The WW. fuberendasis are “acid-fast” bactera whieh exist in numerous varieties of different. 
virulenee, ‘Pho most important pathogenic varieties are the human, the bovine, and the avian, 
wihough the avian variety is rarcly (he exusative agent of ihe disease In man. The strains are 
distinguished usually by their cultural characteristics and by their ability to infeut various experi- 
mental animals, Tlowever, there are many strains whieh cecupy an intermediate position in their 
growth characteristics and their pathogenicity for animals and cannot be classified definitely us either 
the human or the bovine type. 

The bacteria may gain entrinee to the body by inhalation, ingestion, or directly through the 
skin, inhalatton being the most usual route. The tubercle hacilli multiply unchecked when first 
introduced, with the infecting organisms held temporarily and meehunically in the regional lymph 
nodes, but in a period of days they reach the thoracie duets and the general circulation. Since all 
the venous blood passes through the capillary bed of the lungs before redistribution throughout the 
body, the lung tissue presents the first filter to be encountered by the blood-borne bacilli. Thus the 
inflammation and ulcerative processes are set up in the lung tissuc. The primary lesion develops in 
the lungs, und the tracheo-bronchial lymph nodes are infected most mtensively. Some of the bacilli 
muy remain in other tissues in microscopic foei that. can give rise years later to infeetion of hones, 
joints, or the various organs of the hody, 


Screening 


The most rapid method of screening compounds as possible tuberculostatic ugents 
is the tn vtro test in which one of the many strains of AY. tuberculosis is prown wider 
surefully controlled conditions, and the limiting concentration of the compound that 
inhibits growth is determined. With such a procedure, literally thousands of com- 
pounds have been checked, a large number of which have shown a pronounced in- 
hibitory action on the growth of the test organism at low concentrations. However, 
further study of these active compounds showed that there was 2 poor correlation 
between én vitro activity and chemotherapeutic efficiency (17,55), and many investi- 
gators have mdicated that the in ritre test was of little value (10,24). However, with 
the exception of nicotinamide and pyrazinecarhoxamide, all compounds having clinieal 
use have shown in vitro activity. (In certain series, derivatives of active compounds 
have been synthesized in which ¢n vitro activity is lost, but metabolic studies tndicate 
that these inactive derivatives are metabolized in vivo to the active component.) 
Modifications of the simple in wire test have been attempted to obtain a better cor- 
relation with in vivo tests. A combined in vitre-in vivo test. was developed in which 
the compound is given to test animals either intraperitoneally (8) or orally (87), and 
the citrated blood used to determine 7 vitro activity. This test thus takes into con- 
sideration the effect of metabolic processes, poor absorption, rapid excretion, and tox- 
icity. , 

Various in vivo tests have been developed for the testing of compounds as tuber- 
culostatic agents, These inchide the chick embryo test (22,46), the rabbit cornea 
test. (31), the mouse cornea test (69) and various animal tests in which the infected 
host may be chicks (80), rabbits (49), guinea pigs (43), mice (1,53,68), or hamsters 
(18). The most useful of these seems to be the in vivo test in mice or guinea pigs. 
The mouse test permits a large number of compounds to be tested in a relatively short 
time. The choice of the mouse strain, the choice of the strain of Af, tuberculosis, the 
size of the inoculum, and the route of inoculation are all of importance and must be 
owefully standardized to obtain significant results (21,51,66). The efficacy of a com- 
pound is usually determined by the increase in survival time of the mice, although 
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other factors such as loss or gain in weight of the mice and the nature and distribution 
of the infeetion in the animals are also of significance. The guinea pig test suffers 
from the disadvantage that more space, more drug, and much more time are needed to 
test a compound. However, since treatment may be delayed in the test until the 
disease is well established, the value of a drug for its curative propertics may be more 
readily determined, Monkeys have also been used as test animals since it is claimed 
that tuberculosis in monkeys resembles human tuberculosis very closely (29). 

All tuberculostatie agents that have been studied to any extent, cause the emer- 
gence of strains resistant to the agent used. Therefore these drugs are generally 
used in combination, since such combinations have been shown to increase the time 
before resistant strains develop. The development of resistant strains depends to a 
significant degree on the dosage regime used. Cross resistance is shown only between 
members of a given serics and does not seem to occur between members of different 
series. 

The final test for the compound is the clinical trial. In a chronic disease such as 
tuberculosis the evaluation of drugs is especially difficult since many factors are in- 
volved, and only studies on large numbers of patients over long periods of time are 
meaningful. In tuberculosis especially, where the development of resistance to drugs 
occurs and where the physical condition of the patient alters the course of the disease so 
markedly, the clinical comparison of active compounds is very difficult. Clinical 
activity of a therapeutic agent in pulmonary tuberculosis may manifest itself in several 
ways such as decrease in fever, decrease in sputum volume and living bacteria, increase 
in appetite and gain in weight, x-ray improvement, and finally an apparent increase in 
survival time of the patients, 


Natural Products 
ANTIBIOTICS 

Many autibioties (q.v.), especially many of those produeed by various actinomy- 
cetes (see Streptomyecs antibiotics; Tetracyclines), have given evidence of their value 
as tuberculostatics, 

The isolation of streptomycin and its subsequent use in the treatment of human 
tuberculosis marked the introduction of the first important agent for the chemotherapy 
of tuberculosis. Streptomycin, U.S.P. XIV, N.N.R., is produced by Streptomyces 
griseus. Its structure is made up of three moieties, streptidine, streptose, and N- 
methyl-L-glucosamine (see Vol. 13, p. 67) joined to one another by glycosidic linkages, 
The compound shows high in vitro activity and in vive activity in experimental ani- 
mals if given by injection; but shows little activity when given orally because of its 
very poor absorption. Clinically, the compound has been an effective agent for treat-- 
ment of the various forms of tuberculosis (85). 

From the fermentation broths of various streptomycin-producing actinomycetes 
there has also been isolated a related compound, mannosidostreptomycin. It differs 
from streptomycin itself in having an additional mannose residue, which is joined by 
a 1 — 4 linkage to the V-methyl-.-glucosamine moiety of streptomycim. This com- 
pound apparently is somewhat less active than streptomycin (67). 

The reduction of the aldehyde group in streptomycin to a primary alcohol pro- 
duces dihydrostreptomycin, N.N.R., which shows similar activity to streptomycin in 
experimental animals and in clinical trials. However, there is one remarkable differ- 
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ence between streptomycin and dihydrostreptomyein. Upon prolonged use at high 
dosage levels, streptomycin may cause vestibular damage, while the use of dihydro- 
streptomycin may result in some loss of hearing (cochlear damage). A mixture of 
equal parts of streptomycin and dihydrostreptomycin has been introduced recently. 
This mixture retains the antituberculous activity of each component, since the action 
is additive, but greatly reduces the toxicity by diminishing the dose of each toxic 
component (36). 

Other derivatives of streptomycin have been prepared in whieh the aldehyde 
function of the molecule has been condensed with amines. These compounds retain 
some of the antibacterial activity of streptomycin but have increased toxicity aud are 
not useful clinically. Various ‘degradation products of streptomycin (see Vol. 13, 
p. 69) have also been screened for antituberculous activity, but none of these com- 
pounds shows appreciable activity, even in ritro. 

Viomycin is produced by Streptomyces vinaceus and other species of Streptomyces 
(see Vol. 18, p. 108). It has shown activity in vitro and in experimental animals, 
although it is less active than streptomycin. Its clinical activity has also heen demon- 
strated, but in these clinical tests the toxicity of the compound greatly limited its 
usefulness. Because it is more toxic than streptomycin, it should be used only in 
those cases that do not respond to streptomycin or other chemotherapy, and then 
only under careful observation (77). 

Oxytetracycline, N.N.R. (Terramyein), produced by Streptomyces rimosis, 
is a naphthacene derivative (81) (see Vol. 13, p. 790). It has a bacteriostatic effect 
upon MM, tuberculosis in vitro and in vive 25). The drug had very little therapeutic 
effect in clinical trials when used as the sole agent. It is reported, however, to be 
effective when used in combination with streptomycin in delaying the emergence of 
strains resistant to streptomycin (74). 

The related antibiotics tetracycline (Tetracyn, Achromycin) and chlortetracycline 
(Aureomycin, U.S8.P. XIV, N.N.R.) (61,65) have shown in vitro activity, but chlor- 
tetracycline has not exhibited 1 vivo activity in mice or in guinea pigs (possibly due to 
lack of stability). Tetracycline would be expected to show in vivo activity similar to 
that of oxytetracyeline because of their close structural similarity. See also Tetra- 
eyelines. . 

Neomycin, N.N.R., isolated from the fermentation of Streptomyces fradiae, has 
shown in vitro activity and in vivo activity in both mice (64) and guinea pigs (41). 
Although clinical studies indicate that ir may have some activity, the toxic reactions 
of neomycin are such as to render this drug of little or no clinical value in the treatment 
of tuberculosis (12). See also Vol. 13, p. 90. 

Other antibiotics such as mycomycin and erythromycin, N.N.R. (see Vol. 13, 
pp. 59, 9-4), have been screened for possible activity against tuberculosis in view of their 
high in vitro activity. However, neither of these has shown any clmical value (40,73), 


MISCELLANEOUS NATURAL PRODUCTS 


Many other products isolated fom natural sources have been tried as agents for 
the treatment of tuberculosis. Perhaps the one compound most extensively studied 
is the alkaloid cepharanthine(]), isolated from Stephania cepharantha or S, sasakii. 
It has been reported to be active in the treatment of tuberculosis in Japan, but attempts 
to show in vitro or in vive activity in experimental animals have been. unsuccessful, 
throwing some doubt as to its actual clinical efficacy. Other products such as diploi- 
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cin, isolated from the lichen Buelléa canescens and having a tricyclic diphenyl ether- 
lactone structure, have been reported to inhibit M. tuberculosis in vitro, bub were 
found to be inactive in guinea pigs and have not been tried clinically (2). Usnie acid 
(usninie acid), derived from the lichen Pamalina reticulata, has also shown in vitro 
activity, but 2a vivo tests have been negative (52), Several structures have been pro- 
posed for usnic acid, only one of which (IT) is shown here. Finally, there have heen 
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reports that the compounds humulone(TIT) and jupulone(LV), isolated from hops, 
have in vitro and in vtvo activity (4). The activity, if preseit, is of such a low order 
that further testing has not been warranted. 


Synthetic Tuberculostatic Agents 
p-AMINOSALICYLIC ACID 


The search among compounds related to benzoic acid as possible antibacterial 
agents led to the discovery of the tuberculostatic aetivity (47) of p-aminosalicylic 
acid, N.N.R., (PAS), NEeCsH;s(OH)COOH (see Vol. 12, p. 57), m.p. 185-140°C. 
(decompn.). It shows good in vitro activity and only low but definite zm vivo activity. 
Tt has a deanite clinical effect, but because of its low activity very large doses of the 
compound are required. The resulting toxicity makes its use as an independent agent. 
for the treatment of tuberculosis impractical. However, clinical tests show that if is 
very effective in combination with other therapeutic agents, since it greatly delays 
the development of strains resistant to the more active agents such as streptomycin 
or isoniazid, 

Numerous derivatives of p-amimosalicylic acid have been prepared in an attempt 

- to obtain more active compounds. Oneof these, the phenyl ester (30), has been reported 
tobe effective in vivo expecially if injected in oil solution, but confirmation of these results 
has not been obtained. No clinical trial of this compound has been reported, A novel 
formulation, 11 which the p-aminosalicylic acid is adsorbed on a resin, has been tried 
and is reported to be much better tolerated than the acid itself. 


HYDRAZIDES 


The most active of the synthetic tuberculostatic agents is isonicotinie acid hy- 
drazicde (INH) (see Vol. 11, p. 291), isoniazid, N.N.R.(V) (7,38,58), m.p. 170-178°C. 
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It is very soluble in water and only sparingly so in alcohol.  [soniazid is prepared by 
the reaction of methyl isonicotinate with hydrazine. It shows high zn vttro activity 
and is active in both the mouse (7,33) and the guinea pig (42) im vivo tests. Clinical 
trials show it to be a very effective antitubercular agent in the various types of tuber- 
culosis (71), especially tuberculous meningitis and miliary tuberculosis (15). Al- 
though isoniazid, like other tuberculostatie agents, gives rise to resistant strains of 
tubercle bacilli, the significance of such strains is questioned. These strains appear to 
be less virulent than nonresistant strains, and, in fact, various investigators have been 
unable to use these resistant strains in their experimental mouse studies since they 
are unable to kill the mice with the resistant strain. 

Since the first reports of its activity, literally hundreds of derivatives of isoniazid 
have been prepared (28,59,89). From the in vilro and in veo testing of these deriva- 
tives certain generalizations concerning the relationship of structure to activity in this 
series can be made (5). The introduction of a substituent in the pyridine ring or the 
reduction of the pyridine ring causes loss of in vitro and in vivo activity. Alkylation 
or acylation of the hydrazine nitrogen (the 2-position) produces derivatives which are 
active im vive but have low in viire activity. Condensation of isoniazid with aldehydes 
or ketones, incliding sugars, yields derivatives which are setive both a mitre and in vivo. 
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Although none of the derivatives of isoniazid is more active than the parent eom- 
pound in experimental animals, the apparent higher therupeutic ratio (fraction of the 
miumum lethal dose that is effective) in these animals has led to more complete testing 
clinically. The derivatives studied include the 2(or V’)-isopropyl derivative, Cs;H,N- 
CONHNHCH(CH;). (8), and the glucuronide and galacturonide of isouicotinie 
acid hydrazide (VI) (75,76). The isopropyl derivative (33) shows clinical activity, 
but its therapeutie ratio is lower than that of isoniazid, and its use in the treatment of 
tuberculosis does not appear promising. The glucuronide (75,76) also shows good 
¢linieal activity and low toxicity. However, in this case, the effective dose is much 
higher than that of isoniazid and recent studies have indicated that it is active only 
as a result of breakdown to the parent hydrazide. Other hydrazide derivatives such 
as the formaldchyde derivative (VIL), the sodium salt of the 2-sulfomethyl derivative, 
C,H ANCONHNHCH,SO;Na, and the 2-p-hydroxybenzyl derivative, CSA 4NCONHNH- 
CHLCyH.0H, (78), have ali been reported to have the advantages, from a pharma- 
ceutical point of view, of longer duration of action and slower absorption or slower 
excretion. However, there is little clinical evidence to support these elaims. An - 
interesting pharmaceutical form of isoniazid is the hydrazone formed with streptomycin 
(5). This compound contains the two therapeutically active components in approxi- 
mately the recommended duse ratio, 
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Activity in the hydrazide series is vot limited to isonicotinic acid hydrazide and 
its derivatives. Picolinic acid hydrazide (VIII) (7), 2-furoic acid hydrazide (IX) (6), 
2-thiophenecarboxylic acid hydrazide (X) (6), and 2-thiazolecarboxylic acid hydrazide 
CXI) (88) have all been reported to have in vitro and in vivo activity. Even benzoic 
acid hydrazide itself has been reported to be active against certain strains of AY. 
tuberculosis. In this series there is a marked strain specificity, since furoic acid hydra- 
zide, although reported active in an in vivo test in which the infecting agent was a 
Ravenel strain, has bcen reported to be inactive if the infecting agent was the HyRv 
strain (88). 


[ 0 } CONHNH, f s ] CONHNHE, [ io CONUNE, 
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(IX) 2-I*uroic acid (X) 2-Thiophene- (XI) 2-Thiazole- 
hydrazide carboxylic acid hydrazide carboxylic acid hydrazide 


Structurally related to these acyl hydrazides are the bicyclic phthalazines 
(phthalylhydrazines). Among the most active of these is /-¢csoamyloxy-3-phenyl-4- 
keto~8,4~dihydrophthaluzine (4-isoamyloxy-2-phenyl-1(2H)-phthalazinone) CXTY), one 
of « series containing various alkoxy substituents, which is active in edtro and zn vivo 
(11). However, beeause of the high toxicity of these compounds, clinical trials have 
not been carried out, 


OCH,CH,CH (CHs)2 
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AMIDES 


The one series of compounds which do not shaw zn vitro activity but do show 
in vivo activity is the heterocyclic amide group consisting of nicotinamide (XIII) (13), 
U.S.P. XIV, N.N.R., m.p. 131-182°C. (see Vol. 9, p. 305), pyrazinecarboxamide 
(XIV) (45), and pyridazine-3-carboxamide (XV) (72). The activity appears to be 
specific since modification of the molecules, cither by ring substitution or by substitu- 
tion on the amide nitrogen, causes decrease or loss of activity (44), Nicotinamide and 
pyridazine-3-carboxamide show in vivo activity only at high levels, and clinical trials 
with nicotinamide do not appear promising because ef the toxic effects produced 
by levels required for tuberculostatie action. However, pyrazinecarboxamide has 
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(XIII) Nicotinamide (XIV) Pyrazineearboxamide (SV) Pyridazine-3-carboxamide 


shown good clinical results for short periods of time (90). Strains of bacteria resist- 
ant to the compound develop quite rapidly, and its usefulness as a chemotherapeutic 
agent will depend on the ability of other drugs, when given along with it, in preventing 
or delaying this development of resistant strains. A recent study has shown. that a 
combination of pyrazinecarboxamide and isoniazid has special tubercuwocidal proper- 
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ties. However, the toxicity of the mixture at the levels required for this effect pre- 
vents its yeneral use (50), 


LYDRONAMIC ACIDS 
Another series of aromatic acid derivatives for which antitubercular activity has 
been reported is the o-hydroxy aromatic hydroxamic acids. ‘The compounds of this 
type for which activity has been claimed inchide salicylohydroxamic acid CAV, 3- 
bromosalicylohydroxamic acid (XVII), und 3-hydroxy-2-naphthohydroxamic acid 
(XVIII). These compounds were reported to he active tn vitro and Ym viro and also 
to be clinically effective (83,84). 


C(=NOHW)OU C(=NOH)OH 
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(XVI) Salicyloliydrox- (XVII) 3-Bromosalicylo- (XVII) 3-ILydroxy-2-naphtlio- 
amic acid hydroxamic acid hydroxamic acid 


THIOSEMICARBAZON lis 

A series of compounds showing high antituberculous activity in experimental 
animuls are the thiosemicarbazones of aromatic aldehydes (20). These compounds 
show high in vitra and in vivo activity. A thorough documentation of the relation 
of structure to activity in the series has been made (4,34,38). 

Several of the more promising compounds, such as p-acetamidobenzaldehyde 
thiosemicarbazone (tibione), CH,CONHC,H,CH=NNHCSNHE:, and p-ethyisul- 
fonylhenzaldehyde thiosemicarbazone, C.H;SO2C,HsCH==NNUCSNH», have hac 
clinical trials, and although promising results were obtained in many cases (19,56), 
the toxicity of the series apparently precludes their use in chronic cases of tuberculosis. 

The active compounds in the aromatic series arc limited in general to the para- 
substituted benzaldehyde thiosemicarbazones. However, it has been observed that 
both nicotinaldehyde thiosemicarbazone (XTX) (48) and isonicetinaldehyde thio- 
semicarbazone (XX) (27) show activity in experimental animals, and in the case of 
(XTX) elinica) activity has also been reported. 
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In addition to these thiosemicarbazones of aldehydes, il is interesting to note that 
methyl 4-pyridyl ketone thiosemicarbazone (XX), a derivative of 4-acetylpyridine, 
has also shown good in vitro and in vive activity (27,32), A combination (XXII) of 
the thiosemicarbazone type and p-aminosalicylic acid has also been synthesized, which 
has good zn vitro and in vivo activity, as would be expected from a para-substituted 
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benzaldehyde (35). However, ib is no more active nor appreciably Jess toxic than 
other thiosemicarbazones, and clinical studies have not been reported. 


THIOURLAS 
Another series of compounds recently reported to have both iv vtire aud in vive 
activity are the substitubed thioearbanilides (39,54), two of the more interesting mem- 
bers being 4-ethoxy-4’-isobutoxythiocarbanilide (X.XIIL) and 4-butoxy-4’-dimethyI- 
aminothiocarbanilide (XXIV). Studies on correlation of structure to activity in 


CoH, £ \x wosnn( OCH,CH(CH;):  CH,(CH,),0 € \wuesn a (CH): 


(XXIII) 4-Ethoxy-4’-isobutoxythiocarbanilide (XXIV) 4-Butoxy-4/-dimethylaminothiocarbanilide 


this series show &2 maximum activity when the alkoxy groups are propoxy or butoxy. 
Replacement of an alkoxy group by an alkyl group of equal length results in similar 
activity. One of the alkoxy groups may be replaced by halogen or dialkylumino 
and the molecule still retains activity. However, replacement of both alkoxy groups 
by amino groups or halogens causes loss of activity. Only substitution in the para 
position of the pheny] rings results in activity (89). Compounds (XNITI) and (XXIV) 
are under clinical investigation, and preliminary reports indicate that they are thera- 
peutically effective (62). 





SULFONKES AND SULFONAMIDIS 

The first group of compounds reported to be active in experimental tuberculosis, 
although this activity was only minimal, were the sulfones of which p,p’-diamino- 
diphenyl sulfone (4,4’-sulfonyldianiline, bis(p-aminophenyl) sulfone, DDS), NH,- 
C,H.S0.C,HANH,, m.p. 108°C., is the parent type (70). This compound is active 
in vitro and tn. vive and has been shown to have some clinical efficacy. However, its 
high toxicity made it evident that it could not be used generally. Numerous deriva- 
tives of p,p'-diaminodiphenyl sulfone were prepared such as Promin (XXV) (26), 
sulfoxone sodium, N.N.R. (Diasone Sodium) (XX VI) (63), and Sulphetrone (XXVID 
(9). See also Vol. 18, p. 3-44. 
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These compounds, which are active clinically, have reduced toxicity as compared 
to p,p'-diaminodiphenyl sulfone, bul. high doses of the agents are needed. These 
derivatives were shown to be active only in so far as they are degraded to the parent 
sulfone (82), and their use as autitubercular agents has not been very successful. 
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Many modifications of the diaminodiphenyl sulfone molecule have been made, but 
apparently only the atkvlated amino derivatives show activity, and at the present 
time only one of these, p-amrne-p'-(hydrocyethylaminardiphenyl sulfone (2-(p-sul- 
fanitylanilinojethanol, NAC GHSO.C;H,NACH.CH.OH, appears of interest. This 
compound] is wetive da eitro, in vivo (79), ancl appears to have some activity In clinical 
trials. However, this activity is low, and the compound has been recommended only 
for use in combined therapy with other active agents such as streptomycin, since 
clinical trials indicate that it delays the development of strains resistant to strepto- 
myein (40). An interesting modification of the disminodiphenyl sulfone molecule, 
the disilver derivative of 6,6’-[sulfonyllis(p-phenylencazo) \di-b-m-cymenol (the silver 
salt of 4,4’-bis(azo-p-isopropyl-m-cresol)diphenyl sulfone) (XXVIII), is claimed to be 
effective clinically (86). 
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(CH,),CH € ren € \s0o.d ven€ \ CH(CHs)s 
CH; CH; 
(XXVIII) 


Tn addition to these modifications of the molecule, the replacement of one or both 
of the benzene rings has been carried out. Using this synthetic approach, the com- 
pound Promizole (XA XLN) was prepared iud is considered hy some to be the best of the 
sulfones (25). 


§ 
wu Ys0.r “NE: 
N 
(XXIX) Promizole 


The introduction of the various sulfonamides (¢.1.; see also Sulfa drugs) in bac- 
terial chemotherapy led to the trial of various compounds of this type as amtituber- 
cular agents (57). The sulfonamides, in general, show ix vtire activity of a low order 
aud minimal in vive activity. None of them, however, has been of clinical value in the 
treatment of tuberculosis. 


MISCELLANEOUS SYNTHETIC AGENTS 

Simulation of the structural features of diploicin (see p. 344) resulted in the 
preparation of a number of substituted diphenyl ethers and diphenylamine types. 
During the zn vtire Lesting of o-aminodiphenylamine, the formation of 2-anilino-3- 
imino-5-phenylphenazine (XXX) was observed. This compound shows high in vitre 
and ¢n vive activity, aud clinical trial has indicated that it has some suppressive effect in 
renal tuberculosis (2), A number of related compounds have also been prepared which 
also show in vitro activity. 


CLO 


(XXX) 2-Anilino-3-imino-5-phenylphenazine 
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The surface-active agent Triton A-80, a nonionic arylalkyl polyether of phenol, 
has been reported to have a suppressive action on tuberculosis in mice (16), but it is too 
toxic to be of further interest. THlowever, the observation of its activity stimulated the 
synthesis of similar compounds of the general type of (XAXX1). These conrpounds are 
less toxi¢ than Triton A-20 and approach its activity when mis 2 to 6 (16). 


OR OR 
CH, — CH, 





(CH,),CCH,C(CH,), C(CHy):CH.C(CHy)s C (CH) ¢CHsC(CH,)3 


n 


(XXXII) (R=(—CH,CH,;0],CH.CII,0H) 


Another compound showing tn vivo activity is ethyl 3-methyl-2-n-dodecyl- 
succinate, C.T,Q0CCH (CHy)CH(CyHos)COOH, which has been reported to have 
some clinical use in the focal treatment of tuberculous infections, but is of little or no 
value in systemic infections (2,3). 

A series of pyridine compounds related to 5-amino-2-butoxypyridine, CH;- 
(CH2);0(Cs5H3N)NHe, has also been prepared and is reported to be active in vitro 
and in vivo (28). Clinical studies have shown these compounds to be too toxie for 
use as chemotherapeutic agents. 

A number of compounds related to products isolated from the tubercle bacilli 
have also been sercened for activity. Various quinones (q.v.), ineluding 2-hydroxy-3- 
methylnaphthoquinone (phthiocol) structurally related to the vitamin K’s, which 
has been shown to be present in the organism, and various long-chain fatty acids have 
been tested and show im ttre activity but no in vivo activity. 
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TUBES, ELECTRON. See Electronics, Vol. 5, p. 558; Vacuum. tubes. 


TUBOCURARINE, TUBOCURARINE CHLORIDE, CylHuChN.O,5120, See Alia- 
loids, Vol. 1, p. 490; Stimulants and depressants, Vol. 18, p. 39. 


TUCUM OIL. See Fats and fatty oils, Vol. 6, pp. 144, 147, 

TUKON MICROHARDNESS TEST. See Hardness, Vol. 7, p. 365. 
TUMERIC. See Dyes, Vol. 5, p. 352. 

TUNG OIL. See Fats and fatty oils, Vol. 6, pp. 144, 147; Drying oils. 


TUNGSTEN AND TUNGSTEN ALLOYS 358 


TUNGSTEN AND TUNGSTEN ALLOYS 


Tungsten, W, atomic weight 183.92. atomic number 7+, is in group 6 of the perioctic 
table, helow molyhdeuum, and between tantalum ane rhenium horizontally. Tt is a 
silvery gray or tin-white metal. The naturally occurring isotopes are 182 (26.4%), 
183 (14.4%), 184 (80.6%), and 186 @8.4%). [ts chief valence numbers are -+2, +3, 
+4, -+5,and+6. Seealso Tungsten compounds. 


The word tungsten is derived from the Swedish words fweg, Meaning heavy or ponderous, and 
ster, meaning stone, which calls attention to the high specific gravity. The origin of the word wolfran 
has been variously explained, Agricola in 1556 called tungsten ore lupi sprana (foam of the wolf) 
and the explanation of this is said to be that the mineral is generally diseovered in conjunction with 
tin, which it “eats up asa wolf eats up sheep.’ Lupus is the Latin word for wolf and has been trans- 
lated in the works of the metallurgists of Germany into their own wolf and ram meaning froth. It 
Was not until 1781 that Scheele diseovered and established beyond doubt the existence of caleiun ane 
an unknown acid in a mineral which is now known by his nume: scheelite. To this unkuown acid 
he gave the name tungstie acid, Tungsten metal was isolated by two Spanish chemists, the brothers 
D’hijar. 

Receutly, the name for clement 74 has causcd considerable controversy, especially in the 
United States. Based upon its desire for conformity between the numes of clemeuts und their inter- 
national symbols, the XVth Conference of the International Union of Pure and Applied Chemistry, 
meeting in Amsterdam in September 1940, recommended that the English-language name tungsten 
be replaced by wolfram, whieh is the name for the element in most other languages. A second argu- 
ment in favor of the change was based upun the similurity between the name wolfram and the name 
of one of the minerals from which it is obtained, wolframite. However, both British and American 
usage preferred the name tungsten, This led the subeommittee on inorganic nomenclature of the 
United States National Research Couneil, which is the official representative to the IU.P.A.C., te 
issue a statement favoring the retention of the name tungsten, particularly in the face of the volumi- 
nous literature which exists under that uame. In view of this, the April 1950 meeting of the I.U,P.A,C. 
Commission on Inorganic Nomeuclature decided that both wolfram and tungsten be officially recag- 
nized us names for element 74. However, the following year, the Conumission on Atomic Weights ol 
the LU.P.A.C, at its New York meeting in September recommended that the name wolfram be 
dropped from the periodic table because it failed to gain aveeptance in the U.S, 


Tt was not until 1909 that W. D. Coolidge was successful in making ductile tung- 
sten from the metal powder by suitable heat treatment and mechanical working. 
Tungsten has two properties that make it of industrial importance. The first is its 
low vapor pressure at high temperatures, which makes it possible to take advantage of 
its high melting point; the second isits ability to harden metals with which it is alloyed. 
Tungsten tool steels have been a dominant factor in the era of mass production of 
machine-tool products: High-speed cutting stcels take more of the tungsten stocks 
than any other use. 

Of the tungsten reduced to metallic form, some is used for cemented carbides. 
While the tonnage use of tungsten as filament wire in incandescent lamps is small—1 or 
2% of the annual total—it is indispensable. There is no known substitute for drawn 
tumgsten wire in electric lamps. 

Tungsten for all its high temperature qualities cannot be used for turbine blading. 
At steam- and gas-turbine temperatures, it forms a nonprotective oxide that soon leads 
tofailure. Also its high density makes it undesirable for high rotating speeds, 


Properties 


The ordinary form of tungsten is body-centered-cubic. A face-centered cubic 
form, in which the atoms have two sets of special positions, may be formed by the elec- 
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trolysis of fused tungstates. If this modified form is heated above 700°C., it reverts 
irreversibly to the simple body-centered cubic form. The forms of tungsten have been 
designated a and 8, but in an inconsistent; manner. The lattice constant of hody- 
centered cubic tungsten is a = 3.1647 + 0.00012 A., that of the face-centered cubic 
form is 5.0510 + 0.0002 A. (5.0408 + 0.0002 kx) at 18°C. 

Table I shows physical properties of timgsten CL). 


TABLE L Physical Properties of Tungsten. 








lnteratomic distance e, A. beeen eas rn 2. 7407 
Atomic radius (atomic eoordin: ation no. 8), A. 2e ee  AL87 
M.p., on EEEEEEEEECTIC, 
Bip, Cho ccc ccc ccc cect cece yet eteeeeeeeeneney 5930 
di, . Se Bo 
Sp. heat at 20°C. , eal, Je. Pe ee eet eee eet ee 0.032 
Tatent heat of fusion, cal /g.... ee ee 44 
Tatent heat of vaporization, enl./g.... 0002006000008. 1183 
Vapor pressure, atm., at: 

TO ek © 0.001 

Se ed On 0.01 

HOBOPCC. eee eee ees 0.5 

EST 015 hak © sa 0.5 
Thermal expansion, linear... 0.66. ee LE = Iaf -+ CL28¢ + 0.0005822) & 1075] 
Thermal conductivity, ¢.g.8. units, ate 

0 a 0.40 

WOO. ce teen eee 0.39 

1°25) 0 ek 0.28 
Electrical resistivity, microhm-em., at 20°C... 2.000... .5.5 
Temperature cooflicient of clectrical resis- 

tivity, per °C., O-170°C. eee 5.1 x 10°8 

Optical] reflectivity at 5500A,, %.... ee 50 
Emissivity (spectral) at 4670A., at: 

5-1 ak 0.469 

> al 0.455 


5 971 ek Oa 0. A 1g) 





The mechanical properites of trngsten are largely dependent on the previous 
history of the particular sample. The tensile strength of sintered rods (0.25 in. diam- 
eter) is about 18,000 p.s.i. Hot swaging increases the tensile strength to about 215,000 
p.s.i. (0.026 in. diameter). The swaged rod when hot-drawn to 0.018 in. diameter 
wire has a tensile strength of 264,000 p.s.i. The tensile strength increases with 
further reduction by drawing until values as high as 590,000 p.s.i. are obtained for 
wire 0.0014 in. in diameter. Fine tungsten wire has the highest tensile strength of any 
known material, The compressibility of tungsten is about 1.67 * 10-° t.s.1., the small- 
est value for all the metals. 

As tungsten wire is progressively drawn to finer sizes, the elastic modulus increases 
from 12.8 & 10° to 55 X 10® p.si. The fact that the modulus varies probably is the 
result of changes in crystal orientation texture. The low initial modulus reflects fabri- 
eation variables, such as amount of sintering and pressing. 

Tungsten is a relatively hard metal. Sintered bars of tungsten have a hardness 
of about 255 Vickers; swaged rods have hardnesges as high as 488 Vickers. As the 
metal is progressively cold-worked, the metal increases in harduess: 
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Sheet 0.04 in. thiek 45 Rockwell C 
Sheet. 0.01 in. thiek A7 Rockwell C 
Rod 0.25 in, diam, 37 Rockwell C 
Rod 6.10 in. diam, 40 Rockwell C 


The hardness of cold-worked tungsten is reduced slightly when the metal is annealed. 

The tensile elongation of cold-worked tungsten ranges from 0 to 4%. The metal 
is generally brittle when fully recrystallized. Single-crystal thoriated wire has an 
elongation of about 20%. The elongation of tungsten wire increases slightly with 
increasing temperature up to about 2200°F, 

The modulus of torsion varies from 12.8 & 108 to 31.3 * 10° psi. at 68°F,, 
depending on ervstal orientation texture. 

freerystallization and Grain Growth. Commercial tungsten generally becomes 
brittle if the recrystallization temperature is exceeded to the extent that the grains of 
the metal are equiaxed. The reerystallization temperature of tungsten varies. It is 
established that, in general, the recrystallization temperature of tungsten is lowered 
markedly by the degree of cold working applied to the metal. The reerystallization 
temperature ranges from about 2820°F. down to a dull red heat for fine wire. Re- 
erystallization is accompanied by a decrease in both tensile strength and ductility, 
and the wire eventually heeomes quite brittle. 

Additives to tungsten are used to restrict grain growth or to promote grain growth 
in certain directions of the wire products. The addition of 0.40, KCI, 0.4% SiO., and 
0.1% ALO, to tungsten oxide before reduction to the metal is the favored addition for 
preparing nonsag wire for lighting purposes. Most. of this “dope” volatilizes during: 
sintering at about 8000°C., and the recrystallized wire obtained after swaging and 
drawing shows the peculiar grain formation of coarse grains whieh are interlocked or 
keyed together. The grains are equal to the diameter of the wire, and the interlocking 
prevents slipping or offsetting of the grains with respect to each other. This property 
markedly extends the life of the filament. On the other hand, the addition of a non- 
volatile material such as thorium oxide (about 0.75% ThOs) prevents grain growth, 
resulting in 4 fine-grained material even after heating to elevated temperatures. 

Reactions (3). Tungsten is not affected by air at room temperature when the 
metal is in other than powder form. If in the form of finely divided powder, it muy 
be pyrophoric. Tungsten begins to oxidize appreciubly at 750°F. 

Tungsten resists water and water vapor at room temperature but is oxidized 
rapidly at red heat. It is attacked quite readily by molten sodium nitrite, and this 
may be used for etching or pointing rod or wire for drawing. 

Dry chlorine, free from air, attacks tungsten at about 250-300°C, forming 
the hexachloride, but if air or moisture is present the oxychlorides are formed. Fluo- 
rine reacts with tungsten at ordinary temperatures. The pentabromide is formed at 
red heat in the absence of moisture. The diiodide is formed when tungsten at red heat. 
is treated with iodine. . 

Tungsten is not attacked by hydrofluoric acid, Warm nitric acid easily oxidizes 
tungsten to the yellow trioxide, WO;. Het concentrated hydrochloric acid and hot 
concentrated sulfuric acid react only slightly with the metal, A mixture of nitric 
and hydrofluoric acids acts on tungsten with the formation of the trioxide. Aqua 
regia causes superficial oxidation at room temperature. Table IT gives the chemieal 
resistance of sintered tungsten. — 
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TABLE I. Chemical Resistance of Sintered Tungsten. 





Corrosive ngent, 1] soln. Pine, dor, Wt. lass, ©. fae 


24 0.0 





Nitrie acid, cole 


Nitrie acid, hel. | 0.06 
Sulfuric acid, cold a4 0.0 
Sulfuric acid, hot L 0.01 
Hydrochloric ueid, eold 2+ 0.0 


Hydrochlorie aeid, hot | 0.0L 








Tungsten is resistant to molten sodium hydroxide, but the presence of potassium 
nitrate, potassium nitrite, potassium chlorate, lead dioxide, or other oxidants in the 
hydroxide will cause rapid corrosion. Alkali solutions and ammonia do not corrode 
tungsten in the absence of oxygen. 

The gases, carbon dioxide, carbon disulfide, sulfur, carbon monoxide, nitric oxide, 
and nitrogen dioxide react with tungsten at high temperatures. Molten sulfur and 
phosphorus attack the metal slowly, while the vapors of these elements react with it 
vigorously. Carbon, boron, and silicon form compounds with tungsten at high tem- 
peratures. Nitrogen docs not attack tungsten up to 1500°C. but the dinitride is 
formed when nitrogen is present in an ineandeseent tungsten filament at 2300°C, 
Tungsten metal is not attacked by hydrogen. Molten nitrates, nitrites, and peroxides 
react violently with tungsten. 

Analysis. In qualitative analysis, tungsten is usually converted into a tungstate. 
A white amorphous precipitate of hydrated tungstie acid is obtained by treating the 
tungstate solution with acids; upon boiling, the yellow anhydrous acid is obtained. 
Tf the solution of an alkali tungstate is treated with hydrochloric acid and zinc or alu- 
minum or tin, it turns a beautiful blue. Ferrous sulfate gives a yellowish-brown pre- 
cipitate which is not turned blue by acid. Lead acetate, barium chloride, and silver 
nitrate also precipitate white tungstates. 

Tu quantitative analysis, the most satisfactory method for determining tungsten is 
based upon its separation as the slightly soluble tungstic acid. This is accomplished 
by digesting the tungstate solution with hydrochloric acid or nitric acid. Since there 
is some residual tungsten left in the filtrate, a second precipitation, generally in the 
presence of cinchonine hydrochloride, is necessary, The cinchonine hydrochloride 
forms cinchouine tungstate which is imsoluble in cold dilute hydrochloric acid. Its 
presence also prevents the formation of the acid tungstate and of colloidal solutions 
upon washing. These precipitates are then combined and carefully ignited to the 
trioxide, WOs, which is weighed. Since the trioxide is volatile above 750°C., the igni- 
tion should not be prolonged nor carried out at too high temperatures. 


Occurrence 


Although tungsten is one of the rarer elements, comprising only approximately 
5 X 10-°% of the earth’s crust, some fairly rich tungsten-producing areas have been 
discovered. Economically, the most important of these is the China-Malaya area 
which, in the period between 1913 through 1937 produced 62.6% of the metal. The 
second area of importance is in the western portion of North America and comprises 
most of the western states, Alaska, and Mexico. However, only 10.8% of the world’s 
supply was produced in North America during the same period. 
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The ores of commercial importance are of two general types, scheclite and wol- 
framite. Scheeliée is calcium tungstate, CaWO,, containing, when pure, 80.60, WOs, 
the commonest impurity being MoQ,, which is not an objectionable impurity for the 
manufactaire of alloy steels, but is highly undesirable in making lamp filaments. The 
scheelite deposits are crystalline, white, vellow, or reddish in color, but never dark; 
the crystals are soft, easily seratched with a knife, hardness = 4.5, and the spevific 
gravity is about 6, making mechanical separation easy. 

Wolframite is essentially a tungstate of Fe(T1) and Mn(IT), (Fe,Mn)WO,, of vary- 
ing proportions. Technically samples of ore which contain more than 20°, FeO are 
called ferberite, while those containing more than 20% MnO are known as hibnerite, 
and intermediate materials are called wolframije. However, especially in the ab- 
sence of accurate analyses, the term wolframite is practically used to cover all materials 
in the series. ‘The mineral is either crystalline or granular in form, always dark in 
color, with a tendeney toward brown in hitbnerite and shining black m ferberite. The 
mineral is soft enough to be seratched with a knife, hardness = 5.5, is very brittle, and 
shows perfect cleavage, breaking into thin, lustrous flakes. The sperifie gravity is 
about, 7.5, equal to galena and greater than cassiterite, with which it is commonly as- 
sociated in nature. 

Wolframite generally occurs in veins in granitic rocks and in metamorphic roeks 
close to granitic intrusives. Quartz is the commonest gangue mineral; cassiterite is 
commonly present, and native bismuth, bismuthinite, molybdenite, and scheelite are 
occasionally present. Scheelite is most commonly mined from contact metamorphic 
deposits in limestone near granitic intrusives; garnet, vesuvianite, aud fluorite are 
commonly present. 

Tungsten ore in the U.S. occurs undergraund in low concentrations, 0.5-3°%. 
The grade is generally less than 16%; ore running 8% is cousidered high-grade and is 
rare. 

Concentration of Ore. Stuce the ores contain at best only 2-8% W, the first 
problem is to produce a concentrate. This is done by crushing the ore to a fine 
powder and by various gravity separations and/or by flotation. The object of the 
beneficiation of tungsten ore is to produce a concentrate containing at least 60% WOs. 
Since cassiterite, that is, tin oxide, is frequently found associated with tungsten ores, 
magnetic separators have proved especially useful in separating these two minerals. 
Wolfram is feebly magnetic while cassiterite is nonmagnetic. However, this method is 
not applicable to the separation of tin from scheelite concentrates since, in this case, 
both minerals are nonmagnetic. 


Manufacture 


Preparation of Oxide. Pulverized wolframite is mixed with the desived amouuts 
of dry soda ash and sodium nitrate and mixed intimately in a pebble mill. Then the 
mixture is fed into a tilted, rotary furnace and maintained at a temperature of 1020- 
1040°C. The use of an oxidizing agent, such as sodium nitrate, in the melt facilitates 
the oxidation of the iron and manganese content of the ore. The fused charge is fed 
slowly into a lixiviating tauk and the insoluble matetial is removed by filtering. The 
tungsten is recovered either by crystallization as sodium tungstate or hy precipitating 
with hydrochloric acid. An alternate procedure is to cligest the pulverized wolframite 
in a boiling aqueous caustic soda solution. The soluble sodium tungstate is filtered 
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off from the insoluble hydrated oxides of iron and manganese. The sodium tungstate 
is converted to tungstic acid by the addition of hydrochloric acid. 

In the production of ductile tungsten it is necessary to remove practically all 
mineral impurities. The method used is known as the precipitated ammonium para- 
tungstate process and brings the tungsten oxide content up to 99.97%. The tungstic 
acid is washed, filtered, and converted to ammonium paratungstate by the addition of 
water and ammonium hydroxide and filtering off any residue. The ammonium salt is 
evaporated and the residue dried and treated repeatedly with nitric acid. Finally 
the acid is heated in vitreous silica ware at 1000°C., when the trioxide is obtained as a 
powder. The coarseness of the trioxide powder may be controlled by regulation of 
the time and temperature of ignition and the purity of the material. The physical 
condition of the powder is of great importance since it determines in large measure the 
working properties of the metal obtained from it. 

Reduction. The oxide is then reduced to the metal by heating in hydrogen. 
By suitably arranging the conditions of reduction, the metal powder can be varied fro 
2 fine black pyrophoric material (mean diameter of particles is less than 0.5) to coarse 
metal crystals up to 500g in diameter. Most modern methods of working tungsten 
demand a fine metal powder of a gray-black color with an average particle size of 
about 2.5 microns. 

Fineness of the metal powder is controlled by the time and temperature of reduc- 
tion. In order to produce a more uniform product it is common practice to carry out 
the reduction in two stages. The first stage produces the brown oxide, WOQ., which is 
then mixed with an equal weight of yellow oxide, WOs;, and the reduction is completed 
at a slightly higher temperature. The temperature gradient during the first stage of 
the reduction is from 500 to 700°C.; temperature gradient for the second stage is 
(50~800°C. The boats containmg the tungsten oxide move countercurrent to the 
hydrogen flow. 

Powder Metallurgy (q.v.). The properties of tungsten are such that the metal is 
generally produced by powder metallurgy methods. ‘Tungsten powder is compacted 
in dies by use of a hydraulic press, Pressures of about 25 t.s.i. are employed. After 
pressing, the fragile compacts are presintered at 1800-2200°F. in hydrogen. This 
strengthens the compacts so that they can he handled easily and machined if necessary. 
The presintered bars are given a final sinter in a hydrogen atmosphere. In this op- 
eration the bars arc heated hy passing a current through them. The maximum current 
used is about 95% of the current required for fusing the har, causing a temperature of 
about 3000°C. The sintered bars have.a density of about 17 g./eu.em. and can be 
ground and polished for certain uses. 

Preparation of Roads, Sheet, and Wire. The tungsten bar is worked into rod by 
swaging. In this process it is heated to about 1600°C. in an atmosphere of hydrogen 
and fed slowly between the rotating hammers of the machine. The temperature at 
which the wire is worked is reduced steadily as the diameter decreases. As the swaging 
continues, the temperature is gradually reduced to about 800°C. and as the bar elon- 
gates it is found that the crystals themselves become longer and longer. If ductile 
tungsten is desired, the swaging is continued until a diameter of about 0.04 in. is ob- 
tained. The resulting rods can be drawn to finer sizes by heating and drawing on a 
chain bench to about 0,028 in. diameter. At this stage, the wire has sufficient ductility 
to permit coiling and the use of power-driven reels. Drawing temperatures are re- 
duced gradually as the wire becomes progressively finer in size. 
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With care, sintered or swaged tungsten ean be rolled. High temperatures are 
used in the early stages of rolling and the duetility of the metal is mereased by the 
rolling operation. Because of oxidation, it is difficult to roll tungsten to thicknesses 
less than 0.004 in. by ordinary methods; however, 0.00012 in. sheet has been procuced 
by cladding the tungsten with iron. 

Tungsten is not readily forgeable but sintered bars can be forged when heated to 
3270°F.; the temperature is reduced toward the end of the operation to 2000°F. 
Generally, sintered bars of tungsten are hot-swaged rather than forged. 

Joining. Silver and soft solders sre used to solder tungsten. Tungsten can 
he brazed using copper, nickel, copper-nickel alloys, and conventional brazing equip- 
ment. For high-temperature use, tantalum is used as the braze, At present, welds in 
tungsten are likely to be brittle at room temperature since oxidation is a problem in the 
welding of tungsten. Spot welds are commonly made using a layer of nickel between 
the tungsten parts. 

Melting and Casting. Because of its high melting point, little work has been 
done on the melting and casting of tungsten. Tuugsten has bem melted as droplets 
from are electrodes and from resistauce-heated bars. Recently, the vacuum-are 
method has been used to make tungsten ingots. No important commercial devclop- 
ment of melting and casting tungsten has heen mace, although it has been demon- 
strated that forgeable are-melted ingots can be prepared. 

Machining. Machining of tungsten is difficult aud is not recommended. Fin- 
ishing and cutting operations should be performed by the use of abrasive wheels; 
silicon carbide wheels are the most satisfactory for all types of grinding. In perinding, 
care must be exercised to avoid chipping or cracking. 

Cleaning and Finishing. Conventional methods can be used to degrease tungsten 
parts that have been formed in a reducing atraosphere. If the parts have been heated 
in air, the oxide coating which develops is removed by electrolytic caustic cleaning or 
by immersion of the parts in molten caustic soda for a few seconds, draining, cooling, 
and rinsing in hot running water. Since molten caustic soda attacks tungsten, the 
time of immersion should be held. to a minimum. Parts can also be fired in hydrogen 
to reduce the oxide. Tungsten can be polished electrolytically to obtain a bright 
finish using a 10% solution of sodium hydroxide. 

Manufacture of Ferrotungsten. Although both the aluminothermie and silico- 
thermic processes have been used in the past to produce ferrotungsten, preset practice 
is based upon reduction of the ore by coke in an electrie furnace. Generally, the tung- 
sten charge is composed of 70% wolfram, 25%  scheelite, and 5% ferherite, although 
other proportions can be used provided that the iron-tungsten ratio is such that a 
product having a tungsten content of 70% or higher is obtained. Owing to the high 
melting point of the product, tapping the melt has not proved successful and a“ knock- 
down” furnace is necessary making the process discontinuous. After the reactiou is 
completed and the furnace cooled, the outer steel shell and liner are removed and the 
metallic button formed is broken up. 

In recent years, however, there has been a general trend toward the use of high- 
purity tungsten concentrates, especially scheelite, instead of the ferroalloy by the steel 
industry due to the disadvantages of high-melting ferrotungsten. As an example, in 
1945, 50% of the total tungsten consumption was in the form of ferroalloy and only 
13% in the form of high-purity concentrates. However, in 1946, consumption as 
ferrotungsten was decreased to 35% while that of tungsten concentrates was increased 
to 28%. 
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Economic Aspects 


Thefollowingisthemost recent economic information (as of December, 1954) which 
has been released by the Bureau of Mines concerning tungsten. Owing to the work 
required to gather and compile these figures, a certain time lag exists. In addition, 
many of the figures concerning world production are, by necessity, estimations. The 
principal source used is Jfinerals Yearbook, 1951, which is published by the Bureau of 
Mines. 

Tungsten production in the China-Malaya area in 1951 was estimated at 37.3% 
vf the world’s production while the North American area produced 12.0%.  Tisti- 
mated world production of tungsten in 1951 was 26,276 short tons of which 2,957 tons 
were produced in the U.S. This is approximately 11.4% of the world’s production. 
‘The major tungsten producing countries, in 1951, were as follows: China 31.5%, 
USS.R. 15%, U.S. 11.4%, Portugal 9.38%, Bolivia 5.4%, Spain 4.6%, Australia 3.7%, 
Burma 3.8%, and Korean Peninsula 2.2%. Estimated world production of tungsten 
in 1952 was 29,056 short tons of which 3,616 tons or 12.4% were produced in the U.S. 

In the U,S., the five major tungsten-producing states were California, Nevada, 
North Carolina, Idaho, and Colorado, In 1951, these states produced 1,187, 914, £92, 
191, and 155 short tons of tungsten, respectively. This accounts for approximately 
99°) of the U.S. production. 

Although the U.S. was the third largest tungsten-producing country in 1951, 
domestic supplies were insufficient to mcet all U.S. industrial needs. This required 
the importation of 8,188 short tons of tungsten in 1951 and 4,141 short tons in 1952. 
Tn addition, although exact figures are not yet available, the indications are that this 
amount more than doubled in 1953 and increased still farthor during 1954. Table IIT 
lists the amount of taugsten imported to the U.S. from various sources in 1951, 


TABLE Il. Tungsten Imported to U.S., 1951. 











Per cent of total Imported to U.8., 
Conntry tungsten imports short tous 
Portugal 16% 109 
Australia 13% 423 
Thailand 12% 860 
Sorea 11% 352 
Bolivia 1% 346 
Brazil 10% 300 
Spain 7% 23-4 
Peru 5% {73 
Argentina 1% LHS 
Burma 4% 145 
Japan 2% 78 
Mexico 2% 76 








Table TV lists the consumption of tungsten in the U.S. 

The current prices for tungsten ore are: imported wolframite concentrate, $24-25 
plus $7.90 duty per net short tou uuit; domestic scheelite concentrate, $63 per net 
short ton unit. [ach short ton unit is equivalent to 20 Tb. of WO, and therefore con- 
tains 15.862 Ib, of tungsten. The prices of the ores listed above when converted to 

. dollars per pound of contained tungsten are: imported wolframite concentrate, 
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$2.01-82.07 1b. of contained tungsten; domestie scheclite concentrate, 83.97 1h. of 
contamed tungsten, 


TABLE I¥. Consumption of Tungsten in 1.5, 


toteontisttes Metal powders 





Ferrotungsten, for sted, and others, 
Year short tons W Per cent short tons W Per cont shert tens W Per eunt 
(946 {142 Biy Yt 28 1190 37 
JOAS 1951 A+ 880 20) AN 36 
1950 dd 17 Lats) 28 ISOS 5d 
IY51 1090 I!) 618 It 3987 70 
Uses 


The chief use of tungsten is in the manufacture of ferrous tungsten wloys and tung- 
sten carbide, the former accounting for about 90% and the latter for about 5% of the 
vearly consumption of tungsten in the LLs. 

Pare Tungsten. Although the use of tungsten for the manufacture of filament 
wire for incandescent lamps and for rods, contacts, and other electrical uses represents 
only about 1-2¢% of total annual consumption, this nse is extremely important. 
‘Tungsten is used as lead-in wire for power tubes (tungsten and hard glass have nearly 
the same coefficient of thermal expansion) and for certain elements iu electronic tubes, 
Tungsten filaments containing 20%, thorinm are used as cathodes for power electronic 
tubes. See Lamp manufacture (electric); Vacuum tubes. 

Because of its high elasticity, tungsten wire is particulurly suitable fur suspending 
mirrors in galvanometers and for crosshairs in telescopes. 

Ferrous Alloys, Tnnumerable ferrous alloys in wide usage contain up to 20% 
tungsten as an addition. The tungsten enables the steel to resist the effects of high 
temperature and forms hard, wear-resistant carbides in the steel. Prominent among 
these tungsten-steel tools is the so-called 18-4-1 high-speed steel whose composition 
is W, 18°; Cr, 4%; and V, 1%. The percentage of vanadium may vary up to 3% 
with or without the addition of cobalt, The high-speed steels (18% W) are the most. 
widely usecl tungsten-containing steels. The main characteristic of high-specd steel 
tools is that they maintain a sharp cutting edge at working temperatures far above 
those that ruin earbon-steel tools. This property is generally known as red-hardness. 
In addition, the tungsten in high-speed tool steels imparts to them a cutting or lathe 
efficiency approximately five times that of ordinary carbon steel. Hot-work steels 
(10% W) are used in operations where a minimum loss of hardening is desired when the 
steel is used at about the tempering temperature. Tungsten hot-work steels generally 
retain considerable hardness up to about 1150°F., while ordinary chrome steels have a 
temperature limit of about 800°F. Finishing steels (3.5% W) possess extreme wear 
resistance or abrasion resistauce, whereby a keen cutting edge can he retained. ‘These 
steels, however, are not designed for high-temperature operations and a service tem- 
perature greater than 300°F, is not recommended. Tuugsten is added to other steels 
for various reasons, for exumple, creep resistance, high strength at elevated tempera- 
tures, and high density. 

Ferrous alloys other than tool steels are the tungsten magnet steels and tungsten 
stainless and heat-resisting steels. Some tungsten magnet steels contain only a few 
percentages of tungsten and chromium while others contain high percentages of cobalt, 
besides the usual percentage of tungsten and chromium. See Afagnetic substances, 
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The tungsten stainless and heat-resisting steels are used for exhaust valves of aireraft 
engines, bolts, and turbine parts, and distilling tubes in oil refineries. Their eomposi- 
tion varies according to use. 

Nonferrous Alloys. Of the nonferrous alloys, Stellite, a Co-Cr-W alloy is the 
most important. A typical form of Stellite has an approximate analysis 48-53% Co, 
98-32% Cr, 12-16% W, and 2.5% C. Because these alloys possess good resistance ta 
corrosion and wear, they find use in equipment for handling acids and other chemicals, 
excavating equipment, dies and punches, and shears for hot metals. 

Copper-tungsten and silver-tungsten alloys are used as materials for switches, 
circuit breakers, and other switch-gear. Two-typical commercial alloys of this type 
are Elkonite (10-W-3), containing 77% W and 24% Cu, and Gibsaloy Grade W, 
30-90% Ag, balance W. The so-called heavy metal is a tungsten-nickel-copper alloy 
containing 3.5-16.5% Ni, 1.5-13.5%% Cu, and 83-95% W. Because of its high den- 
sity, it is largely used as material for radium containers and rotors of gyroscopes. 

Tungsten Carbide. Tungsten carbide is prepared by the reaction of tungsten or 
tungsten oxide with carbon at a high temperature (1500-1600°C.) in an inert atmos- 
phere. The resulting carbide is crnshed to a powder and mixed with eobalt powder 
which acts as a cementing agent when the product is sintered. The result is a ce- 
mented tungsten carbide that approaches the diamond for hardness. Because of its 
high hardness and transverse strength, tungsten carbide is a component of hard ma- 
terials used for dics, tools, and wear-resistant parts, and has become important as 4 
material for insert bits used in roek drilling. Various materials containing tungsten 
carbide are available. The straight tungsten carbide with cobalt binder is used in 
tools for cutting cast iron, nonferrous metals, and nonmetallic materials and in dies 
for drawing wire, bar, tube, and sheet metal for blanking as well as for machine parts 
where resistance to wear is Important. The steel-cutting grades consist largely of 
tungsten carbide with additions of titanium carbide or tantalum carbide or both. 
These added constituents produce a material that resists cratering better than any 
of the straight tungsten carbide grades, 

Recently, a new method has heen developed which permits the formation of 
tungsten carbide coatings on steel. The process utilizes an inert-gas-shielded arc 
which melts the base metal producing an elongated pool. Tungsten carbide particles 
from a vibratory hopper are poured into this pool behind the arc, the molten metal 
freezing around the particles. Of particular advantage in this process is the speed 
which can be attained in production without sacrifice in the quality of the coatings. 
Use of tungsten carbide coatings on steel, known as hardfacing, has been of particular 
benefit in applications involving tool joints for well-drilling rigs which are subjected 
to severe earth and rock abrasion. 
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TUNGSTEN COMPOUNDS 


The chemistry of tungsten and its compounds is very similar to that of both molyb- 
denum and chromium, the other two elements in the same subgroup of Group VI of 
the periodie table. Several states of oxidation exist for tuimgsten, and compounels in 
which tungsten has a value of 0, +2, +8, +4, +5, and +6 ure known. The lower 
valence states, however, are relatively unstable, and bivalent tangsten is kuown only 
in simple halogen compounds. The most stable, and therefore the most common, 
ralence state of tungsten compounds is +6. In general, the chemistry of tungsten is 
(quite complex. This is due primarily to the strong tendency for complex formation, 
exemplified by the large number of heteropoly acids formed with the oxides of phos- 
phorus, arsenic, vanadium, silicon, and others, In addition, there are compounds, 
particularly the oxides, in which tungsten exists in more than one valence state. 


Tungsten Arsenide. 


Tungsten diarsenide, WAss, is obtained as a black, crystalline mass by heating 
tungsten hexachloride in a current of arsine, AsH, at 360°C. The product has # 
specific gravity of 6.9 (at 18°C.) and is stable in air at ordinary temperatures. When 
heated in air, tungstic oxide is easily formed... The arsenide is also attacked by chlo- 
rine, sulfur, phosphorus, and fused alkalies and alkuli carbonates. It is not soluble in 
water and is inert toward hydrofluorie and hydrochlorie acid solutions, Hot nitric 
acid or aqua regia, however, attacks it, forming tungstic acid, 


Tungsten Borides. 


Ditungsten boride, W.B, forms tetragonal crystals with a = 5.564, ¢ = 4.740, 
space group D4}, sp.gr. 15.98, m.p. 2770 + 80°C’. 

Tungsten monoboride, WB, forms tetragonal erystals with a = 3.115, ¢ = 16.93, 
sp.gr. 15.41, m.p. 2860 + 80°C. At 1850 + 50°C, it undergoes a phase transition 
becoming orthorhombic with @ = 3.19, b = 8.40, ande = 3.07. 

Tungsten diboride, WB., forms silvery, metal-like octahedral erystals, sp.gr. 
10.8. Itis insoluble in water but is attacked by concentrated acid. Chlorine will alse 
decompose it at 100°C., as will a fused mixture of sodium carhonate and sodium 
nitrate. 


Tungsten Bronzes. See p. 370. 
Tungsten Carbides. 


Tungsten and carbon form two binary compounds, tungsten carbide, WC, 
hexagonal crystals with a = 2.910 and c = 2.838, sp.gr. 15.7, and ditangsten carbide, 
W.-C, sp.gr. 16.06, both of which are prepared by heating together tungsten and carbon 
at about 1500-1600°C. Both form gray powders, melt at approximately 2800°C., 
and have a hardness approaching that of the diamond. These compounds are insol- 
uble in water, but they are readily attacked by a mixture of HNO;-HF. Carbides 
corresponding to WyC, WyCs, and W3C, have been reported but their existence hits not 
been confirmed, See also p. 362; Carbides (heavy-metal), Vol, 2, p. 846. 


Tungsten Carbonyl. . 


Tungsten hexacarbonyl, W(CO)>, formula weight 351.98, is a white, volatile 
crystalline solid which decomposes without melting at approximately 150°C, At 
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room temperate, tis vapor pressure is of the order of 0.1 mm. Ig. Tt is fairly stible 
in air, water, or acid, bi if is decomposed in strongly basic solutions and ts attacked 
hy the halogens. Tungsten carbonyl is nontoxic, and somewhat soluble in organic 
solvents hut insoluble in water. [is prepared by renetion of tungsten metal with 
carbon monoxide at 275--300°C. under a pressure of 200 atm. Another method has 
also been reported based upon the reduction of tungsten hexachloride by aluminum in 
anhydrous ether under a pressure of 100 atm, of carbon monoxide at 70°C.; yields of 
over 90%, of theoretical were obtained. The use of tungsten carbonyl as a method for 
obtaining tungsten coutings on base metals through the deposition and decomposition 
of the carbonyl vapor is being investigated. The deposited metal is usually contami- 
nated with carbide, Seealso Carbonyls. 


Tungsten Halides and Oxyhalides. 


Tungsten halides are known to exist in the +2, +3, +4, +5, and +6 valence 
states. In general, they are characterized by their instability toward both air and 
maisture and by their low boiling points. The volatility of these compounds, particu- 
larly the hexachloride, makes them suitable starting materials for the formation of 
tungsten coatings on base metals by a vapor-deposition process, or for the formation of 
single-crystal tungsten wires as described by de Boer and van Arkel (1), 

Tungsten dichloride, WCh, formula weight 254.83, is unstable in air in the 
presence of water, forming tungsten dioxide and liberating hydrogen chloride. It may 
be prepared as a gray amorphous powder by the reduction of tungsten hexachloride by 
hydrogen. 

Tungsten tetrachloride, WCl,, formula weight 325.75, is a dark brown von- 
volatile crystalline powder, sp.gr. 4.624, which is hygroscopic, forming tingsten dioxide 
and hydrogen chloride in eald water. It is generally prepared by the partial reduction 
of tungsten hexachloride by hydrogen. Gentle action of hydrogen on tungsten hexa- 
chloride, however, produces tungsten pentachloride, WC1;, as dark green or black 
deliquescent crystals, formula weight 361.21, sp.gr. 3.875, m.p. 248°C. b.p. 275.6°C, 
The peutachloride is slightly soluble in carbon disulfide but decomposes in water 
forming the blue oxide, W.0;. 

Tungsten hexachloride, WCl,, formula weight 396.66, exists in the form of dark 
blue or violet hexagonal crystals, a = 6.088, ¢ = 16.68, space group Cj, m.p. 275°C, 
b.p. 846.7°C., sp.gr. 3.52. Generally, it is prepared by treating tungsten metal with 
pure, dry chlorine gas at red heat. In the presence of moisture or oxygen, however, 
some WOC, is formed as an impurity. The hexachloride is very soluble in carbon di- 
sulfide but decomposes in water, forming tungstie acid. It is easily reduced by hy- 
regen to the lower halides, and finally to the metal itself, 

Tungsten dioxydichloride, WoOsCly, is a pale yellow solid, formula weight R06, 83, 
m,p. 266°C. It is soluble in cold water and in alkaline solution although it is partly 
decomposed by hot water. It may be prepared by the action of chlorine gas on heated 
tungstic oxide. This oxychloride is not decomposed in the presence of moist air but 
is casily reduced to metal when heated in a current of dry hydrogen. 

Tungsten oxytetrachloride, WOCI,, forms red needles, sp.gr. 11.92, m.p. 211°C., 
b.p. 227.5°C. It is soluble in carbon disulfide, slightly soluble in benzene, and is de- 
composed to tangstic acid by water. It may be prepared by passing ehlorine over an 
equimolar mixture of tungsten and tungsten dioxide at 300-500°C., with a yield of 
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87-88% of theoretical. The product is purified by vacuum distillation at 200-210°C. 
A mixture of both oxyehlorides is formed by the action of chlorine on tungsten dioxide. 

Tungsten dibromide, WBr., formed by the partial reduction of the pentabromide 
by hydrogen, is a bluish-black powder decomposing at 400°C. 

Tungsten pentabromide, WHr;, forms dark brown needles, m.p. 276°C., hep. 
333°C. Tt may best be prepared hy the actiun of bromine, preferably diluted with 
carbon dioxide, on tungsten metal at red heat. However, the preseuce of air or mois- 
ture must he avoided or some oxybromide will he formed, Hydrogen recluces the 
pentabromide to the dibromide at 350°C. and to the metal at higher temperatures, 

Tungsten hexabromide, W Br, liluish-hlack ervstals, is formed by gently heating 
tungsten metal in bromine vapor tn the absence of air or moisture. 

Tungsten Oxybromides, Two oxybromides of tungsten are kuown, the drory- 
dibromide, WOsBre, light red crystals, and the oryedrabromide, WOBrs, dark brown or 
black deliquescent needles, mip. 277°C) bop. 327°C, Both are formed by the tection 
of tungsten pentabromide on heated tuagstic oxide and may be separated by distilla- 
tion, 

Tungsten diiodide, WI, formula weight 487.76, is a brown powder, sp.er. 6.9 
(18°C.). Tt may be prepared by the aetion of iodine vaper on tuugsten metal at red 
heat or by treating tungsten hexachloride with anhydrous hydrogen iodide at -4O0- 
450°C. Tungsten ditodide is insoluble in cold water, alcohol, and carbon disulfide 
but is decomposed hy hot water. 

Tungsten tetraiodide, W1,, is a black powder, which is decomposed by air. [t 
may be prepared by the action of concentrated hydriodi¢ acid on tungsten lexa- 
chloride at 100°C. 

No tungsten oxyiodides have been prepared. 

Tungsten trifluoride, WI',, is not known as such. However double salts (fuo- 
tuigstates(IIT)) are known, such as KEW. ALO and NH AE AW. AQ. 

Tungsten hexafluoride, WF, formula weight 207.92, is a coloviess gas at room 
temperature, sper. 10.35 with respect to air, At 19.5°C\, the hexafluoride eendenses 
into a pale yellow Hquid, and at 2.5°C. a white solid is formed. If may be prepared 
by treating either hydrogen fluoride, arsenic trifluoride, or antimony pentafluoride 
with tungsten hexachloride: 


WC) + 6 HF ———> WF, + OTIC (1) 
Wile + 2 AsPy ————> WE, + 2 AsCl (2) 
WC, -4 3 Sh, ——— WE, #8 Sb GCI (3) 


Methods (1) and (2) must be carried out in a platinum retort but glass apparatus may 
he used with method (3). Tungsten hexafluoride may also be formed by the action 
of fluorine gas on metallic tungsten at ordinary temperatures. Tungsten hexafluoride 
is extremely unstable in the presence of moisture, hydrolyzing completely into tung- 
slic acid: 


WE; + 43x) ———> H.W, + 6 HF 


When tungsten hexafluoride is dissolved in organic solvents such as benzene and 
cyclohexane, the solution becomes bright red, while a pale red is obtained in dioxane, 
aud vielet-brown in ether and dietlyt Carbitol, (CL0;0C21L).0. Reduction of the 
hexafluoride by benzene to procuce tungsten tetraflucride, WT',, has heen reported, 
the reaction taking place in a nickel bomb at. [10°C, over.a period of 3-9 days. The 
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compound has been described as a reddish-brown solid, somewhat hygrosvopic and 
hydrolyzed by hot alkali to hydrous tungsten dioxide and by an acid solution to tung- 
sten trioxide. 

Tungsten oxydifluoride, WOF., is chemically inert, resisting boiling alkali, 
concentrated acid, ancl aqua regia, Hlowever, it may be ignited to Lungsten trioxide 
by heating in air at 700°C. It is prepared aga gray solid by action of anhydrous 
hydrogen fluoride on tungsten dioxide at 500°C. 

Tungsten oxytetrafluoride, WOF,, formula weight 275.92, exists in the form of 
colorless plates, m.p. 110°C., b.p. 187°C. This compound is extremely hygroscopic, 
decomposing into tungstic acid in the presence of water. ft may be prepared from 
tungsten oxytetrachloride, WOCh, by the action of anhydrous hydrogen fluoride, 
Attempts to prepare tungsten dioxydifluoride, WO.I., have not heen successful, 
although compounds such as sodium tetrafluotungstate(VI), Na:zWOku, have been 
prepared. 


Tungsten Nitrides. 


Although nitrogen does not usually react directly with tungsten, several nitrides 
are known. Ditungsten nitride, W.N, 8, face-centered cubic, has heen prepared by 
the action of ammonia on fine tungsten powder at 700-800°C. If the reaction is 
allowed to take place at a higher temperature (825-875°C.), however, a second WyN 
phase, y, isformed. ‘This nitride has also been prepared by reacting ammonia with 
tungsten trioxide. Tungsten diniiride, WNo, density 5 + 0.5, is 4 brown-to-black 
powder which is decomposed by water forming ammonia and tungsten metal. It has 
been shown to form on bulbs of nitrogen-filled tungsten lamps, and its existence has 
been confirmed by x-ray analysis. Ditungsten trinitride, W.Ns, is obtained as a black 
powder by the action of dry ammonia on tungsten hexachloride. Several more com- 
plex nitrides have been reported, 4WNe, We(NHys)o.2WOn, 2WN.W(NH))s, and 2WNe.- 
W(NHk)2. See also Netrides. 


Tungsten Oxides and Acids. 
ON TDS 


Tungsten forms three well-defined compounds with oxygen corresponding to 
valences of +4, +5, and -+6, In addition to these three, many other intermediate 
oxides such as WO, WoO, WO, and WsQOu, have beeu reported. The existence of 
most of these compounds, however, has not heen well established and many of them 
appear to be either solid solutions of two oxides, or mixtures of metallic tungsten and 
tungsten dioxide. 

Tungsten dioxide, WO», formula weight 215.92, forms brown, tetragonal crystals, 
a= 486 andec = 2.77, sper. 12.11. The oxide also exists as a brown, amorphous 
powder. In this form, it is strongly pyrophoric and is easily oxidized to the trioxide, 
Tungsten dioxide can be melted under a protective atmosphere, but some dispropor- 
tlonation oecurs: 





3 WO W +2 WOs 





Generally, this oxide is obtained as an intermediate product in the hydrogen reduction 
of the trioxide, 
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The y-tungsten oxide, WyQw, of Magnéli is probably the sume compound. 
Magnéli also reported a red-violet 8-tungsten oxide, WeoOss (10). 

Ditungsien pentoxide, W.O;, commonly known as the blue oxide, may be formed 
by the partial reduction of the trioxide by luvdregen at 250-300°C. Upon heating. 
the oxide begins to sublime at 800°C. and is easily reduced by hydrogen to either 
the dioxide or tungsten metal. 

Tungsten trioxide (tungstic oxide}, WOs, formula weight 231.92, is a vellow 
powder. At room temperature, it is probably monoclinic, but st about 725°C. 
it trausforms toa tetragonal form. The powder has a specific gravity of 7,16 and melts 
at 1473°C. with some sublimation, ‘This is by far the most important of the tungsten 
oxides and is generally nsed as the starting material for the production of tungsten 
powder. Tungsten trioxide is reduced to metal by carbon ubove 1050°C. and by 
hydrogen as low us G50°C. At lower temperatures, mixtures of intermediate oxides 
are formed. Tungsten trioxide is insoluble in water and in aeid solutions but is taken 
up by strong alkali, forming the tungstate: 


2 NaOH -+ WO; ———> NiwWOd - PLO 


When it is heated in a chlorine atmosphere, the oxychloride, WOCh, is formed but ne 
reaction occurs with bromine or iodine. 


ACIDS AND SALTS 

Several hydrates of tungstic oxide, WO), have been described in the literature but 
only three of these have becn well defined; tungstic acid, H,W0O,, its hydrate, approxi- 
mately H.WO,. HO, and metatunegstic acid, HgaW2Oo.rH.O. Numerous tungstates, 
just as with the molybdates but not in all eases analogous to the molyhbdates, lave 
been reported. Three series have been well characterized; the normal tungstates, 
M.WO,; the metatuugstates, 83M.0.12WO;.aH.0 or MsFaWOw.cHhO; and the 
paratungstates, 5MeO.12WO,.cH.0 or 3M,0.7WO;.21L0. See also Heteropoly 
and isopoly acids; Molybdenum compounds. 

Tungstie acid, HeWO,, forms an amorphous yellow powder, sp.gr. 5.5. It is 
insoluble in water or acid solution, but dissolves easily in a strongly alkaline medium. 
Tt may be precipitated from a tungstate solution by the action of hot mineral acid. 
However, the hydrated acid, which approaches HzWQg. FLO, is formed if the tungstate 
solution is acidified in the cold. Thisisa white bulky precipitate which is more solu- 
ble in water than the yellow tungstie acid and ean be easily converted to the yellow 
form by boiling in an acid medium. 

Tungstie acid will also form a colloidal solution particularly when a sodium tung- 
state solution is made slightly acid with dilute hydrochloric acid. Upon boiling im 
eourentrated mineral acid, however, the colloid is converted to the yellow insoluble 
form. Both the yellow and white forms have a great tendency to become colloidal on 
washing. 

Metatungstie acid, HsWy.0.211,0, forms small yellow crystals which are readily 
soluble in water. When heated at 100°C., the anhydrous acid is formed and upon 
ignition yellow tangstie oxide, WO,. 

Tungstates. The yellow tungstic acid, H,WO,., and the white, hydrous com- 
pound, H,W0,.H,0, form the same series of salts, the normal tungstates or mono- 
tungstates having the general formula M2.WO,4HLO.  Icxeept for tungstutes of the 
alkali metals and maguesium, these salts are generally sparingly soluble in water. 
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The action of hot, mineral acids (except phosphoric) decomposes them, precipitating 
the yellow tungstic acid. The insoluble tungstates can be obtained by adding ¢ 
solution of sodium tungstate to a solution of the appropriate salt. This usually forms 
the hydrated salt, The anhydrous tungstates may be prepared by fusing the proper 
amount of tungstic oxide with the appropriate oxide: 

CuO + WO; ——— CuW0, 


Some general properties of these insoluble tungstates are listed in Table I, 

Normal ammonium Gergstatc, (NH4)2WO,, cannot be obtained from an acquevus 
solution since ammonia is evolved when such a solution is concentrated. However, 
this salt may be obtained by adding hydrated tungstie acid to liquid ammonia. 

Sodium tungstate, NasWO., may be obtained anhydrous by fusing fungstic oxide, 
WO, in the proper proportions with either sodium hydroxide or sodium carbonate: 


WO; + 2 Nak > Naw Wo, + [ho 

WO: -b NazCOs ——— NaWO, + CO, 
When it is crystallized from solution, the dihydrate, NagWQ,..27Q, is generally ob- 
tained; the decaliydrate, NasWO,.10H.0, is formed below 6°C. The density of 


acucous solutions of sodium tungstate at 20°C. and the solubility in water of Na,sWO..- 
27.0 are given below: 


Conen., g./100 g. soln... 2... 10 20 30 40 

OP ee cee eas 1.0044 1.2076 1.8444 1.5156 
Temp., °C. ....- 000.0005 20 £0 60 80 100 
Soly., 2/100 # HRQL... $2.2 86.8 5. +L (00.9 109.5 


TABLE I. Properties of Insoluble Tungstates. 














Compound Color, m.p., erystal strieture Si.er. Solubility 
BaWoO, Colorless, tetragonal, a = 5.04 Very slightly soluble in 
5.64, ¢ = 12.70 TO 
Cdwoy Yellow rhombic — Soluble iu NHVOH; very 
slightly soluble in TO 
maw, White, tetragonal, a@ = 6.06 Slightly soluble in HaQ); 
5.24, ¢ = 11.38, nf insoluble in acids 
1.9200 
Ce(WO4)s Yellow monoclinic, a = 6.77 Tnsoluble in HsO and acids 
11.61, 6b = 1.72, ¢ = 
7.82, 8 = 1009-184, rp, 
1osgerc, 
PhWa, Colorless, tetvagonal, a= 8. 16 -- 
Set, ¢ = T2001, og. 
1123°C. 
KaWO 210 Monoclinic Btls Soluble in HeO: insoluble 
in alcohol 
AgeWO, Pale yellow oo Slightly soluble in LL; 
soluble in KCN, NH,OH 
NaWO, White rhombic, m.p. = 4,179 Soluble in T1,0 
692°C. 
NigWO 210 White rhombic; loses 2HeO 3.245 Soluble in HeO 
at LOGPC, , 
drwy White, tetvagona, @ = » 6.184 Slightly. soluble in FLO 


540, ¢ = 1190 
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Metatungstates, 3M.0.12W0;.2H.O or MH, WOy.rHoO, were formerly formu- 
lated as MLO.4WO;.2H20 or MaW.Oh;..c8H.O and sometimes called tetratungstates, 
‘They are isomorphous with the 12-heteropoly acids sueh as phosphotungstie and silico- 
tungstic acids (see below). Except for the lead and mercurons salts, most. of the meti- 
tungstates are soluble in water, They ave formed by cUssolving tungstie acid in 
sodium tungstate or by controlled hydrolysis of solitions of sodium tungstate under 
certain conditions (3). 

Paratungstates in the crystalline form ure vow considered to have the general 
formula 5MeO.12WOs 3.210 or My WwOu.2l0, although a few may be better rep- 
resented by 3M.0,.7WOs.2HL.O or MgWrOes..2T0O. They are not isomorphous with 
the paramolybdates, MgMo;O.,.cH.0. In solution the strueture of the aniun varies 
with the pH (3). There are some indications that the free paratungstic aetd may be 
present when dilute solutions of barium puaratungstute, 5BaQ.12WOs;.27HLO, and 
sulfuric acid are mixed, although all attempts to concentrate this solution produce 
normal tungstic acid instead. 

Generally, the paratuugstates ure crystallized from slightly acid solutions. "Che 
sodium salt, 5Na,O.12WO;. 210, may be prepared by saturating a sodium carbonate 
or sodium hydroxide solution with tungstic oxide, or by nearly neutralizing a boiling 
solution of sodium tungstate, Na,.WO,, with hydrochloric acid. A similar method is 
used to prepare potassium paratungstate. 

By far the most important sult in this series is ammonium paraltungstate, reported 
to be 5(NTL).0.12WO 3.11HLO, which forms fine white needles when crystallized 
slowly at room temperature from an ammoniacal sohition of ammonium tungstate. 
Rapid crystallization, however, produces transparent, laminated plates. Some de- 
hydration oecurs diving prolonged boiling, converting the salt to 50NH4).0 . L2WOQ,.- 
5H.O. This second form may also be formed directly by erystallizing from a boiling 
solution. Both forms are insoluble in water and can be decomposed by either acid or 
alkali. Upon heating the dried salt in air, ammonia is given off at about 60°C. and 
dehydration occurs at about 100°C, Reduction to metal occurs by heating tna hydro- 
gen atmosphere. Ammoniuni paretungstate plays an important role in the commer- 
cial process for winning tungsten from its ore (see p. 358), 

Many higher tungstates have been described in the literature, although often 
they are not well established. Mention may be made of 2(NH4)20.5WO;.5H0, 
NaO.5WO;, (NHy)20.G6WO3.4HL0, NagO.GWO;.15H20, and NasO.8WOs. 

Peroxytungstic acid, FH,.WO,;.H20 or WO,.1.02.11.0, is a deep orange amorphous 
compound obtained by treating tungsten trioxide with a solution of hydrogen peroxide. 
Peroxyditungstic acid, H.W20..2H.0 or 2WO;.H202.2ERO is also known, but is un- 
stable and decomposes at about 35°C. Salts of these acids similar tu the peroxy- 
molybdates (see Vol. 9, p. 207) have been described in the literature. 

Heteropoly acids of tungsten have been described with phosphorus, arsenic, 
vanadium, and silicon as the centralatom. Although the investigation of these com- 
pounds is not as yet complete, the existence of many of these has been established. 
Heteropoly acids of tungsten and phosphorus having P,Os:WO, ratios of 1 to 24, 
21, 20, ancl 18 have been established, The name phosphotungstic acid, however, unless . 
otherwise stated, generally refers to the 12-acid, phospho-12-tungstie acid (12-tung- 
stophosphoric acid), H3PO4.12WO3.cHhO or HyPWO0u.2H.0, which forms greenish- 
yellow crystals and may be obtained by evaporating a solution containing the proper 
concentration of phosphoric and metatungstic acids. Stleotungsite acid (12-tungsto- 
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silicic acid), SiQs.12WO;.26H,0 or HaSiWy.Ou.2H2O, forms very pale yellow rhombic 
crystals which are quite soluble in water, alcohol, and ether. The salts of this acid, 
except mercurous silicotungstate, are mostly soluble. Several other acids having a 
different ratio of SiO, to WO; have been described together with their salts. Boro- 
dungstic actds containing one mole of B,O; combined with 9, 24, or 28 moles of WO; have 
been described in the literature. The principal acid in this series is the 12-lungstoboric 
acid, HsBW20..eH2O, which forms a well-defined series of salts having the general 
formula MsBWyOo.2H2,0. These have been obtamed by neutralizing the acid with 
either a metal hydroxide or carbonate. In general, these salts are very similar to the 
silicotungstates but they are less easily crystallized and less stable, See alse Heleropoly 
and tsopoly acids. 

Tungsten bronzes are a series of compounds having the general formula M,WO, 
where is Jess than one, ‘These compounds are colored, ranging from golden-yellow to 
bluish-black depending upon the ratio of metallic cations Lo WO,. In this series, the 
cation is generally an alkali metal such as sodium, potassium, or lithium, although 
alkali-alkaline earth tungsten bronzes have been described. The sodium tungsteu 
bronzes are crystalline with a specific gravity ranging from 6.5 to 7.5 and insoluble in 
water, acids, and alkali. In general, these bronzes form cubic or tetragonal crystals, 
the lattice constants increasing with sodium concentration, These compounds are 
excellent electrical conductors, with properties very close to those of the alkali metals. 
When made the anode in electrolysis, they do not conduct (after an initial momentary 
surge), but they will conduct as cathodes (except in potassium permanganate solution). 
This has been attributed to the formation of a nonconductive film of yellow tungstic 
oxide, which is reduced when the polarity is reversed to a lower tungsten oxide which 
is conductive. Some of the electrical properties of Nag.gsWO; are as follows: 

Resistivity = 1.9 + 0.02 * 1071 ohm-em. at 0°C. 
Hall coef. = ~5,1 + 0.2 * 107! em./eoulomb at 20°C. 
Paramagnetic susceptibility 2 = 0.53 * 107% 

The compounds may be prepared by fusing a mixture of the normal tungstate 

(anhydrous) with tungstic oxide and free tungsten. 


Tungsten Phosphides. 


Tungsten subphosphide, WeP or W.Pe, dark gray, tetragonal, a = 6.18 ande = 
6.78, sp.ar. 5.21, can be prepared by heating a mixture of phosphoric and tungstic 
oxides in a carhon erucible. Tt is insoluble in acid and oxidizes when heated in air. 

Tungsten monophosphide, WP, is a gray powder, sp.gr. 12.8. It is insoluble in 
water, hydrochloric acid, and alkaline mediums, but is attacked by a nitrie acid- 
hydrofluoric acid mixture. The monophosphide is very similar to the diphosphide 
in its behavior toward the halogens aud oxygen. 

Tritungsten tetraphosphide, W3P4, is a crystalline powder obtained by the action 
of phosphorus upon metallic tungsten at red heat. 

Tungsten diphosphide, WP2, is a black crystalline powder, sp.gr. 9.17, prepared by 
heating tungsten hexachloride with dry phosphine at 450-500°C: 

WCla + 2 PH; ———» WP. + 6 HCl 


The phosphide is insoluble in water, acids, alcohol, aud ether. [t may be decomposed 
by a nitric acid-hydrofluorie acid mixture, however. It is also attacked by the halo- 
gens upon heating, 
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Tungsten Silicides. 


Ditungsten trisilicide (tungsten sesquisilicide), Wasi, is gray, sp.gr. 10.9, in- 
soluble in water, acid, or alkaline solutions. It is readily attacked by a mixture of 
nitric acid and hydrofluoric acids and by fused alkali metal hydroxides and carbonates. 

Tungsten disilicide, WSi,. forms tetragonal ervstals with a = 3.212 and ¢ = 7.880, 
The compound is attacked by fluorine, chlorine, fused alkaes, and nitric acid-hyvdru- 
fluorie acid mixtures. It is insoluble in water. 

Tungsten trisilicide, WSi., is very similar ¢hemically to the cisilicide. 


Tungsten Sulfides. 


Tungsten disulfide, WS,. is found in nature as the mineral tungstenite, which 
forms a soft, lustrous, dark gray crystalline powder, sp.gr. 7.5 (LOPC, The mineral 
us if occurs in nature is characterized by its earthy or foliated uppearance. The sul- 
fide is oxidized by air at elevated temperatures, producing tiuugstie oxide. [tf is alsa 
altaeked by the halogens forming the respective halides, and may be reduced to metal- 
lic tungsten by hydrogen aft about 800-400°C. At 1250°C., tungsten disulfide is 
decomposed without melting. The compound is insoluble in water but readily at- 
tacked by a mixture of nitric and hydrofluoric ucids, or fased alkali, It may be pre- 
pared by heating tungsten hexuehloride in hydrogen sulfide at 375 550°C, or by 
strongly heating the two elements. 

Tungsten trisulfide, WS,, is a black powder, slightly soluble in cold water, readily 
forming » colloidal solution in bot water. Tt is generally prepared by treating an 
alkali thiotungstate with excess ueid. The compound is easily solute in alkali 
hydroxides, carbonates, aud sulfides. 

Tungsten also forms a series of thiotungstates corresponding to the normal salts 
but with one, two, three, or all of the oxygen atoms replaced by sulfur, The potassium 
thiotungstates have the following formulas: K.WO,S. ALO, K2WO8., KWOS,, F0, 
TSeoWsy, vnc similar compounds of other metals are known. 

These compounds ave formed when solutions of the alkali or alkaline earth tung- 
states arc suturated with hydrogen sulfide, These sulfs vary in color from pale vellow 
to yellowish brown and in general crystallize well, Upon acidifying a solution of 
these salts, however, tungsten trisulfide is obtained. Polasstum tetrathiotungstate, 
TWS,, forms vellow rhombic crystals which are quite soluble in water. .tmenenium 
telrathtotungstate, (NFL,).WSy, forms bright orange crystals having a metallic iridescence 
whieh are stable in dry air and are quite soluble in water. Solutions of this sali, low- 
ever, decompose upon standing inadr. [tis generally prepared by treating a solution 
of (ungslic acid with excess ammonia and saturating with hydrogen sulfide. 


Uses 


With the exception of tungsteu carbide, WC (see p. 362), there are few applica- 
tions of major importance for tungsten compounds, Two tungsten compounds, 
tungsten oxide and sodium tungstate, are available commercially, Current prices 
(1955) Tor each are: 


Tungstic oxide, over LOQQ-Ub, quantities... ee oe B2.25/Th. 
Sodium tungstate, technienl, JQ0-lh. and 25-Ib, drum... 02. 2.54-2.76/ Ib. 


Both of these compounds play an important role in the metallurgy of tungsten. 
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Caleium and barium tungstate are used in x-ray photography for the manufacture 
of intensifying aud phosphorescent sereens. A 10% lead sulfate solid solution with 
these salts produces emission peaks of 4800 A. and 4700 A., respectively. Magnesium 
tungstate, MeWO, or Mg,WOs;, is also employed as a blue-cmitting phosphor. See 
Luminescent materials; Radiography, industrial. 

Minor applications of tungsten compounds include the use of soclium tungstate to 
fameproof cloth (see Ftre-resistant textiles), the use of phosphotungstic acid in the prep- 
sation of pigments for the printing ink industry, and analytical reagents. 

There is some mention im the literature of the use of tungsten oxide, WOs, in the 
glass and ceramic industry asa yellow coloriug agent. Its use, however, is not believed 
to be standard practice. 

Tungsten compounds Kave been’ tested as tanning agents, and found to form a 
very beautiful and pliable white leather. 

Many patents have heen grauted based upon the ability of tungsten and tungsten 
oxides to catalyze the hydrogenation anc cracking of hydrocarbons. Information, 
however, is not available on whether these are being used in any present-day com- 
mercial process, 
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TURBIDIMETRY AND NEPHELOMETRY 


Turbidimetry and nephelomet ey tre used to study the intensify of Hight seattered from 
inhomagenciies ina wide variety of sys(ems. The study is called turbidimetry if the 
quantity measured is the decrease of intensity of the incident light beam caused hy 
scattering in the system, or nephelometry if the intensity of scattered light is measured 
divertly. The systems that have been studied cover the wide range from the weak 
scattering produce] by very small inhomogeneities found in gases, pure liquids, and 
imperfect. crystals, through the range of moderate seuttering intensities observed with 
solutions of large molecules such as natural and synthetic polymerie materials, to 
the strong intensities observed with suspensions of lurge particles. 


General Principles 


The theory of seattering by these systems is well established and allows the cal- 
culation of the number of seattering elements, as well as their maximum dimension in 
certain systems. Such calculations are diffieult in other cases, especially for large 
particles, either because the mathematical theory becomes complex, or because the 
shape and uniformity of the particles must be known, A large number of applications 
involve only relative measurements of the scattering, and these permit an estimate of 
the relative number of scattering particles present, if the particle size is the sume for 
the unknown and the standard samples. Sinee about 1945, a most fruitful application 
of light-scattering has been the determination of wbsolute molecular weights and di- 
mensions of polymers and other large molecules in solution. 

True light-seattering causes no loss in the total radiation of light at the wave 
length used; the sum of the energy after passage through a turbid sample plus the 
total of all scattered light energies equals that of the incident beam. This is in con- 
trast to ight absorption and fluorescence, in which light is converted to energy of 
longer wave length. 

The coefficient of turbidity, 7. is velated to the total light intensity lost from an 
incident beam as the result of scattering by the equation: 


ls Iye7™ (1) 


where J, is the incident. intensity and £ is the intensity remaining after passage through 
the length, 2, of the sample. This equation neglects losses by reflection from cell sur- 
faces (which may be corrected by use of a comparison cell), and it assumes that no loss 
of intensity occurs hy absorption of ight. Loss by absorption follows a similar law in 
which the extinction coefficient replaces the turbidity coefficient (see Colorimetry and 
fluorimetry). 

Equation (1) shows that the turbidity coefficient may be obtained by measure- 
ments of the transmittance, [/Jp, of a nonahsorbing sample, but this method is practi- 
‘ally restricted to suspensions where cloudiness is easily visible (7 > 107") in order to 
obtain fair precision, For less turbid samples, it is frequently desirable to measure 
the seattered light directly, and this may be done with precision for solutions whose 
turbidity coefficient is 10-5 or even less. In most applications, the scattered intensity 
is then used directly, but + may be caleulated if the scattering follows a known angular 
intensity pattern. Particles whose dimension is less than one-twentieth the wave 
length of light obey the Rayleigh equation (see p. 374), and in this case the total scat- 
tered light can be calculated by measuring tou, the intensity seattered at an angle of 90° 
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to the incident berm relative io the mlensity of the incident beam, according to equa- 
Lion (2): 


2 rr { 16 Ton . 
ra | ipsin edd = wrt (2) 
fy Ja” 30 Os 


in which ris the distance from the seattering source to the receiver, 


Theory of Scattering 


Particles Smaller than 0.05). The description by Tyndall in 1869 of the effeet. of particle 
size of droplets dispersed in vir on the color and polarization of light which they scattered, was soon 
followed in 1871 by Rayleigh’s development of a, theory to explain on a quantitative basis the seatter- 
ing from disperse systems of small dielectric particles. The wave theory of light states that during 
the passage of light through matter, all particles are forced into vibration and radiute light in all 
directions, If the medium is perfectly homogeneous, destructive interference between the waves 
produced by neighboring particles cancels the light radiation in all directions exeept that of the 
incident heam, Any inhomogeneity of the medium makes this cancellation imperfect, so that some 
seattered light is produced. Tuhomogeueities produced by thermal movement of molecules lead to 
the very slight scattering of single-component gas, liquid, or solid systems. Mixtures of components 
having different refractive indexes sealter with greater intensity, and the equation developed by 
Rayleigh expresses the relation between the incident intensity Jp of light of wave length A, and the 
intensity ig, of light scattered at angle 0, and the distance r from the particles to the point of measure- 
ment, in terms of the number MN of particles, each of volume V. The ratio n’/n is the refractive 
index of the solution divided by that of the solvent. The Rayleigh equation is: 


£0 (@ - 1)’ NV CL + cos? 0) (3) 
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Equation (3) indicates that the intensity scattered by a given weight of material, divided into 
particles of uniform size, will be proportional 10 the squire of the particle volume, and thus to the 
sixth power of the radius. The intensity is also highly dependent, on the wave length of the light, 
heing about. nine times us inbense for blue light as for red light. A beam of white light therefore be- 
comes progressively redder as it passes through a sample of such particles, while the seattered light 
is much bluer than the incident light, This explains the blue color of the sky and the red color of 
sunsets resulting from light passing through thick layers of scattering particles. The polarization 
of the scattered light is expressed by the term (1 + cos? @) which includes constant intensity of light 
whose plane of polarization is perpendicular to the plane formed by the incident and scattered light 
rays, tind a variable term, dependent on the angle of observation, for light polarized parallel to the 
plane, The light seattered at 90° is expected to he polarized perpendicular to the plane. 

The Rayleigh equation is strictly applicable to isotropic, dielectric particles whose maximum 
dimension is leas than one-twentieth the wave length of light used, and at concentrations where no 
interaction occurs between particles. Most applications are made under conditions which depart 
from gome of these requirements, and several methods have been devised for overcoming the resulting 
difficultics. The modifications of the theory that have permitted molecular-weight and dimension 
Measurements for polymer solutions were made by Debye. ‘Further refinements have been added by 
a large number of contributors, Thorough reviews of these developments have been presented hy 
Oster (5), West (6), and Doty and Edsall (2), Essentially the nonideal behavior, which is normally 
found even in dilute (about 1%) solutions of polymers, was treated by Dehye in a way similur (ou 
that used in osmotic pressure. The result was an equation applicable to purtieles of maximum 
climension less than one-twenticth the wave length of light, and which permits the calculation of 
their molecular weight, M, from measurements of the turbidity coefficient wt a series of weight eon- 
centrations, ¢. This equation is: 


He 1 2Be 
we ne AE (4) 
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in which # is the gas constant, 7, the absolute temperature, and HW isa constant whose value may be 
obtained [rom the specifie refractive index gradient, Ga! -- tee, and ather quautities jn the equation: 


% 2 
a iT, 


: nmifnl ~ y\2 ~ 
3 wal ¢ ) (5) 


in which V is Avogadro’s number, These equations have been tested by messurements of a variety 
of large molecules whose molecular weights are well established, and the agrecinent is very sittisfac- 
tory. 


i 


Particles 0.1-0.8.. When a dimension of the scattering particle exceeds about one-twentieth 
the wave length of light, Rayleigh’s law of seattering is not exactly obeyed, us shown by an unsym- 
metrical ungular distribution of seattered light, and the decrease of the wave length exponent in the 
intensity relation, These effets are the result, of destructive interference of light scattered from 
different parts of the particle which leads to smaller intensity in the backward than the forward 
direction. This unsymmetrical intensity distribution is often expressed hy the dissynmelry coeffi- 
cient, 2, which is the ratio of intensities at two angles symmetrical about the perpendicular to the 
incident beam. 

Debye simplified the problem of calculating the angular distribution of scattering for these 
larger particles by assuming a negligible difference of refractive index between the particles and the 
solvent, znd so was able to obtain rather simple equations for the complete intensity distributions 
for spheres, rods, and randomly kinked chains. These equations have been upplied to correet the 
smnaller intensity of scattering to that which would have oecurred in the absence of interference, and 
two methods have been much used for accomplishing this—oue utilizing the dissymmetry coefficient 
mentioned above, and the other a grid method of plotting data at various angles and concentrations 
(8). By these means, the molecular weight may be calculated by the equation developed for small 
particles, and modified only by using the corrected turbidity coeflicient. 

In the range of particle sizes where the dissymmetry coelficient is LL 8, an average maximum 
dimension of the scattering particles may be obtained from the dissymmetry of scattering, provided 
the shape of the molecules is known. The dimension can be calculated without assumption of 
particle shape if the grid method, previously mentioned, is used. 

When the particles studied are not uniform in size, as is usual for synthetic polymers and many 
derived natural polymers, then the molecular weight which is obtuined from light-seuttering is 
usually the weight-average value, which is always larger for such polydisperse systems than the mum- 
ber-uverage value obtained by methods involving osmotic pressure or other colligative properlies. 

Particles Larger than 0.8). The theory of scattering by lurge particles is so complex that only 
one type of system has been developed sufficiently tu allow caleulution of particle sizes. In 1908 
Mie solved the problem for uniform spherical particles of known size and index of refraction, and the 
expected effects have recently been confirmed and thoroughly studied by LaMer and cowurkers (4). 
As the particle radius increases from the Rayleigh scattering region to about 0.1 micron, the angular 
intensity pattern is progressively distorted ag interference deercases the seuttering, particularly in 
the backward direction; while at the same time the total scattered intensity per partiele increases 
rapidly, When the diameter reaches about 1 micron, depending on the ratio of refractive indexes, 
very pronounced intensity maxima are found at a series of angles when examined with monochromatic 
light. If white light is used, spectra, called higher-order Tyndall spectra, may be observed with the 
eye at a series of positions; these represent the positions of the maxima which oecur at different 
angles, dependent on the wave length. The larger the particle, the greater the number of maxima, 
until for sulfur particles of 2 microns diumeter, ten maxima for red light have been observed in half 
the total light envelope. Several methods based on the position and number of these maxima have 
heen developed for determining particle sizes of the uniform particles found in some smokes, serosols, 
and liquid suspensions. However, if the particles are not very nearly uniform in size, the maxima, 
und colored bands become very poorly defined, so that these methods cannot be used. . 

Another method applicable to spherical particles in the size range from about 0,06 to 0.2 micron 
diameter depends on the wave length exponent of scattering intensities. As particle aize increases from 
the range of Rayleigh scattering to about 0.2 micron diameter, the Mie equations predict that the 
total intensity of scattering is proportional to powers of the wave length systematically decreasing 
from four to two, but invariable for still larger particles. Heller, Klevens, and Oppenheimer (3) 
employed this principle for the determination of dimensions of polystyrene latex particles suspended 
in water, and studied the increase of particle size during emulsion polymerization. The exponent 
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may be caleulated from the equations of Mie for uniform size particles, but it is usual to construct 
calibration curves for particles whose size is known from other methods. The logarithm of the 
turbidity coefficient, calculated from transmission measurements, is plotted against the logarithm 
of the series of wave lengths used to give a straight line in the absence of absurption. The slope of 
this line gives the wave length exponent and therefore the particle size. 


Experimental Methods 


Transmission Instrumenits—Turbidimeters. The transmission method (tur- 
bidimetry) is Limited to samples that show obvious turbidity, since a considerable 
decrease of the incident intensity is necessary to yield 
precise results; for example, a 1 cm. thickness of solu- 
tion whose turbidity coefficient is 10—-* has a transmit- 
tance of 98%. Many of the analytical applications of 
light-scattering involve quite turbid solutions for which 
transmission measurements are very uscful. 
| The simplest form of transmission instrument is 
represented by eatinetion turbidimeters of the Parr (see 
Fig. 1) or Jackson types in which the length of a column 
of turbid solution is increased until a light source viewed! 
through the column just disappears. The reciprocal of 
the required column length is, under selected condi- 
tions, proportional to the turbidity, although usually a 
calibration curve is constructed for known quantities 
of particles prepared under the same conditions. Curya- 
ture in such calibration curves results either from 
changes in the size distribution of the particles or from 
the effect of multiple scattering, which causes the ap- 
parent turbidity coefficient to become smaller as the 
sample length isincreased. Comparative measurements 
of turbidity may also be made with colorimeters of the 
Duboseq type (see Vol. 4, p. 270) operated as in color- 
imetry, Again the relative turbidity is approximately 
A, Fixed tube; B, plunger: 2, inversely proportional to the ratio of column lengths. 
eye position; Z, lamp; V, volt- Photoelectric transmission photometers of various 
meter; RB, rheostat. types are frequently used for turbidity measurements. 
Filter photometers or other instruments that use light 
of relatively broad wave length range are quite suitable for very large particle sizes, 
especially for comparative measurements, where a standard of closely similar form is 
used. The narrower wave length region obtainable by the use of prism or grating 
spectrophotometers is particularly useful for smaller particle sizes (below 0,2 micron 
diameter) where the intensity of scattering is so dependent on wave length, or where 
absolute measurements are required, Spectrophotometers also permit the use of the 
wave length - exponent method, already referred to, since the transmittance may be 
measured at a large number of wavelengths. 
Scattered Intensity Instruments—Nephelometers. Greater precision and sensi- 
tivity may be obtained with instruments which measure the intensity of scattered light 
(nephelometers), because this is a direct rather than a difference method. For ex- 





Fig. 1. Parr turbidimeter (6). 
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ample, several instruments are available that will detect: scattering from solutions 
whose turbidity coefficient is 10—* 

Visual nephelomeicrs include the Dubose colorimeter, modified to give lateral 
illumination of two similar cells with clear walls and opaque bottoms. The depth 
of scattering liquid is varied until the two halves of a field mateh in brightness. One 
half of the field is illuminated by seutterecl light from the sample eell and the other 
by light from a standard of known turbidity or concentration. The Hellige instra- 
ment requires only occasional use of standards, since it compares the intensity of 
scattered hight with the redueel incident intensity. Other instruments suited for 
visual measurements of small intensities of scattering have been described (7), but are 
not available commercially. 
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Fig. 2, Photometer for angular sealtering intensities. 


Photoelectric nephelometers of moderate sensitivity may consist of commereial 
filter photometers with attachments to measure scattered intensity. Fluorimeter 
attachments such as those for the Nefluero-photometer (Fisher Scientifie Co.), or the 
Lumetron Colorimeter (Photovolt Corp.) may be satisfactory, although they accept 
light from a wide range of angles, 

Two instruments for the high precision and sensitivity required in the measure- 
ment. of polymer molecular weights are the Phoenix (Phoenix Instrument Co.) and the 
Amineco (American Instrument. Co.) photometers, These are provided with filtered 
mercury are sources which provide high intensity illumination in a narrow wave 
length range, both being necessary where the scattering is weak and strongly depend- 
ent on the wave length. They also permit measurements at a series of well-defined 
angles by rotation of the phototuhes about 6-sided or cylindrical cells. Figure 2 is a 
schematic drawing of this type of instrument. The scattered intensities are either 
compared to that from a standard of known scattering power, or to the incident light 
intensity, after suitable reduction of intensity with calibrated filters. In either cage, 
measurements of absolute scattering intensities are possible with good precision, 
The high sensitivity obtained with photomultiplier tubes combined with amplifiers 
permits the determination of the scattering power of pure liquids, including water. 

Preparation of Samples. Consiclerable care is uecessary in preparing samples for 
all light-scattering meaguremeuts. Greatest errors In measurements of small inten- 
sities are caused by suspended impurities, such as dust, whieh scatter light very | 
strongly, but these impurities are inconsequential in measurements with large par- 
ticles. Variations of particle size and stability greatly affect the results of scattering 
by large particles. | 
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Solutions of small particles ean frequently be freed of large inclusions by filtration, 
ultrafiltration, or centrifugation. The most suitable techniques vary with the sample 
and solvent used. 

The production of stable suspensions of moderate—and large-—size particles is 
most important for exact and reproducible results, since the intensity of scattering 
depends so much on the particle size. Tor analytical purposes where @ suspension of a 
precipitate is formed by chemical reaction, it is best to prepare a calibration curve 
obtained with known amounts of the constituent precipttated under the same condi- 
tions as the unknown. This is because the particle size and shape of precipitates is 
greatly affected by temperature, pH, salt concentration, agitation, and rate of addition 
of the precipitant. The precipitate should be finely divided and neither fibrous nor 
floceulent. Greatest stability is obtained in some cases in the presence of small 
amounts of acid or alkali, or hy the addition of gelatin, starch, gum arabic, egg albu- 
min, or wetting agents which adsorb on particle surfaces and prevent their agglomera- 
tion, usually by repulsion of like-charged particles. In general, large salt’ concen- 
trations, agitation, and heating favor the agglomeration of suspensions and are to be 
avoided. The development of procednres for the determination of a constituent by 
precipitation and measurement of turbidity requires tests of the reproducibility of 
scattering from known amounts over the range to be analyzed, and of the stability 
over a time period sufficient to complete measurements for a series of samples. It is 
also desirable to operate in such a concentration range that the turbidity or intensity 
of scattering produced is approximately proportional to the concentration of the cou- 
stituent, and not curved excessively by multiple scattering. 


Applications 


Comparison of Methods for Particle-Size Measurement. Figure 3 shows a 
range of particle sizes that can be measured by light-scattering techniques. See also 
Size measurement. The range of the methods listed is only approximate, aud the lower 
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DIMENSIONS OF TYPICAL SAMPLES 


Benzene, sucrose Many polymers >| Viruses Bacilli Dust 
and proteins 
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Fig. 3. Range of particle sizes accessible by light-scattering methods. 


limit depends on favorable conditions, such as high refractive index compared to the 
medium, absence of spectral absorption bands, and the most sensitive measuring 
devices. Nephelometric methods are seen to be of especially great value in the small 
particle range where the other successful methods require complex and expensive 
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installations. The applications to large particles ave chiefly for analytical and particle 
size distribution measurements, 

Molecular-Weight Measurements. Molecular weights of particles in solution 
are determined by measurements of scultering intensities ata series of concentrations, 
and extrapolation of these data to zero concentration using equation Cf). The ab- 
solute moleewar weights are then calculated when the constant ff (equation (5)) is 
evaluated by refractive index measurements. 

Results have been reported for molecules as small us sucrose G42) and as large as 
tobaceu mosaie virus (4 X 109, but most. precise measurements probably are made 
above molecular weights of 2 X 104, where the scattering is strong. Thus. this method 
overlaps the best range for osmotic pressure measurements andl extends to values in- 
uteessible by that methad. 

Dimension measurements are only possthle for particles with one dimension at 
least 500 A., which usually requires molecular weiglits greater (han 2 10", 

Both the dimension and molecwar-weight. results of light-scattering methods ure 
in good agreement with values obtained by sedimentation, osmotie pressure, and clec- 
tron microscope measurements. The most relable comparisons have been made with 
globular proteins of uniform particle size, Tere the agreement. of the results is within 
about 5° for most substances. 

Analytical Chemistry. Probably the most frequently used analytical method 
involving light-scattering techniques is for the determination of sulfur in a wide 
variety of materials such as water, food, and cowl. The sulfur is converted to sulfate 
ion and the hot solution is treated with barium chloride in the presence of low concen- 
trations of sult and hydrochloric acid, and sometimes with the addition of a protective 
colloid. Under these conditions barium sulfate precipitates as a fairly stable sus- 
pension of very finely divided particles. The method is most useful where the sulfur 
content ranges from afew parts per million to ubout. 100 pep.m. 

Table I (7) illustrates the usual concentration ranges in which nephelometric 
methods are useful. Tn addition to the methods mentioned, reference (7) outlines 
methods for a large number of organic compounds including fats and oils, fatty acids, 
purines, and proteins of various types. ‘The reproducibility claimed for these methods 
ranges from [ to 5@, on samples between 0.2 microgram and | milligram, which places 
these among the most sensitive of analytical methods. 


TABLE I. Typieal Analytical Applications of Nephelometry. 














Luwer limit, Upper limit, 
Coustiluent Precipitate meg. /100 ml. wg. /100 ml. 
5 BaSO, 0.08 0.8 
Cl AgCh 0.014 L.0 
NOG HgNH.Cl 0.0006 0.1 
As Molybdenum complex 0.006 0.7 
Ca Caleium stearate 0.0002 “— 
p Molybdenum complex 0.0003 0.05 





Nephelowetric methods are also used ty precipitation titrations to detect the first 
appearance of a precipitate. ‘The precipitant is titrated direetly into the stirred solu- 
tion in the cell of a nephelometer, or sometimes a turbidimeter, until a perceptible 
deflection of the eurrent-measurmeg instrument or visible cloudiness oecurs, 
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Particle-Size Distribution. Although light-seattcring methods are usually unable 
to indicate the distribution of particle size, they have often been employed in the 
analysis of particles separated into fractions by other means, such as sedimentation 
or elutriation. In one sedimentation method, samples are removed from different 
sections of a liquid column after partial sedimentation has separated the broad dis- 

tribution of particles. Tn a differeut modification, the turbidity of a solution is meas- 

ured as particles progressively sediment past. the light beam. Both these methods are 
highly dependent on knowledge of the scattering power of particles of different diam- 
eters. This, in turn, is considerably influenced by particle shape, so that calibration 
curves are required. 

If the intensity of scattering for different particle sizes is calculated on the basis of 
constant weight of material, it is seen that the intensity increases rapidly with di- 
mension (~r*) in the Rayleigh scattering range, but since large particles are known to 
scatter in proportion to their cross-sectional area, it is clear that their scattering 
intensity will decrease (~1/7) as particle size increases in this range. The scattering 
power of suspensions in a broad range of dimensions has been studied by Andreason (L) 
who showed that a maximum in the turbidity coofficient divided by weight coucen- 
tration of particles occurred at diameters between 0.5 and 0.9 micron, depending on the 
wave length of light used. This result is close to that calculated from the Mie theory, 
which expects maximum scattering for a given weight when the particles have diam- 
eters about equal to the wave length of light. 

Other Applications. The scattering power of large particles is quite important 
in applications such as the paint industry, where the covering power of pigments and 
extenders is quite dependent on particle size. Since colorless particles have their great- 
est scattering power, leading to greatest, paint opacity, when the particle diameter is 
about 0.5 micron which is about equal to the wave length of light, it is desirable to 
grind pigments to this size. Scattering by colored particles is dependent on the ab- 
sorption band, but is usually greatest for somewhat smaller particle sizes for absorbers 
than for nonabgorbers. Scattering of white light is an undesirable characteristic for 


black or deeply colored particles, and can best be avuided with particles of very small 
Size. 
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TURICINE, CyHisNO3. See llhaluids, Vol. 1, p. 475. 
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TURMERIC. See Dyes, Vol. 5, p. 352. 
TURNBULL BLUE. See “Iron evanide blues” under Cyanides, Vol. 4, p. 731. 


TURPENTINE 


Turpentine (spirits of turpentine) isa light, volatile essential off obtained from resinous 
exudates or resinous wood associated with living or dead coniferous trees, particularly 
of the genus Pinus, or, more commonly, pines (see also Resins, natural), The word 
“turpentine,” as originally used and as still used in pharmaey and in the phrase 
Venice turpentine (larch turpentine), refers to the whole oleoresinous exudate from the 
living pine tree. Accordingly, the volatile portion of the “turpentine” separated by 
distillation was called “spirits of turpentme” and the nonvolatile portion was called 
rosin (q.v.) or ecolophony. Today the term “spirits” or “oil’’ is still used in conjune- 
tion with the word turpentine, although the term turpentine alone and the shortened 
form “turps” are popularly used for any distilled turpentine, 

In the U'S. an act of Congress, the Naval Stores Act of Mareh 3, 1923, established 
standard grades of turpentine and other regulatory measures to prevent adulteration 
and deception of any nature involving turpentine marketing transactions within the 
United States and its possessions. In Scrviee and Regulatory Announeements (2) 
relative to this act, the standard designations for the four approved types of turpentine 
commercially available in the U.S. are defined as follows: 


Gum spirits of turpentine. The designation “gum spirits of turpeutine” shall refer to the kind of 
spirits of turpentine obtained by distillation of the gleoresin (gum) frum living trees, and commonly 
known prior to the passage of the act as gum spirits, gum turpentine, spirits of turpentine, or oil of 
turpentine. 

Steam-distilled wood turpentine. The designation “stenm-clistilled wood turpentine’ shall refer 
to the kind of spirits of turpentine obtained by steam distillation from the oleoresinous component. of 
wood, whether in the presence of the wood or after extraction from the wood, aud commonly known 
prior to the passage of the act as wood turpentine, steam-distilled turpentine, steam-distilled wood 
turpentine, or 5. D. wood turpentine, 

Desiructitely distilled wood turpentine. The designation “destructively distilled wood turpen- 
tine” shall refer to the kind of spirits of turpentine prepared frorn the distillate obtained in the destruc- 
tive distillation (carbonization) of woud, and commonly known prior to the passage of the act as 
destructively distilled wood turpentine or D, D. wood turpentine. 

Sulfate wood turpentine, The designation “sulfate wood turpentine” shall refer to the kind of 
spirits of turpentine prepared from the condensates that are recovered in the sulfate process of conking 
wood pulp, and commonly known as sulfate turpentine or sulfate wood turpentine, 


Chemically, turpentine is a mixture of cyclic monoterpene hydrocarbons, CoH, 
the predominant constituent of most turpentines being a-pinene (see Terpenes (meno-, 
cyclic)). Turpentine is produced in several countries, generally where there are vast 
tracts of pine. 

The largest use throughout the world for turpentine is as a thinner for various 
types of oleoresin-based paints and varnishes. Of secondary importance is its use as a 
solvent for waxes and polishes, and as an intermediate in the preparation of synthetic 
camphor, synthetic pine oil, oil additives, and insecticides. It is also used in the manu- 
facture of synthetic resins, 

Naval stores, as applied to the industry today, includes a host of manufactured 
products haying a common derivation from gums or resins associated with living or 
dead coniferous trees. Modern naval stores products which have a wide range of uses 
include pine oil, refined turpentines and the pure chemicals comprising them, such as 
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e-pinene, B-pinene, ancl dipentene; also refined and modified rosius, and many chemical 
derivatives of terpenes and the resin acids comprising rosin. 

Historically, the term “naval stores” was applied to supplies involved ia calking 
and weather-proofing the limbers and rigging of early sea-going vessels. Few in num- 
ber, they included tirs und pitches crudely processed from resinous wood or gums of 
pines, 


In America, production of naval stores had its origin in the northern colonies and crude products 
were produced and shipped abroad from this aren throughout the 17th century (24). By the 18th 
century, production of naval stores had shifted southward and centered around North Carolina. Ati 
this time very little turpentine was distilled because the whole of the oleoresin collected was sent. to 
England for processing inte turpentine and rosin, About the middle of the 18th century, crude stills 
came into use and an estimated 10,000 barrels of turpentine was being produced annually. Today 
Georgia produces 75% of the U.S. gum turpentine. Florida and Alabama produce slightly more than 
20%, and all the rest of the southern gum-turpentine-producing states account for somewhat. less than 


10%. 
Properties 


Composition. The overall chemical compositions of natural and commercial 
grades of turpentine vary widely, but all grades are composed predominantly of a 
mixture of isomeric, unsaturated, bicyclic monoterpene hydrocarbons, Cyl. The 
marked differences in turpentines orcur in the lesser components. These make up a 
complex mixture which includes minor amounts of saturated and unsaturated mono- 
cyclic terpenes, aromatics, oxygen-containing compounds mostly of terpene origin, 
and trace amounts of a variety of naturally occurring compounds generally associated 
with wood resins and plant life. Considering the commonplace origin and commercial 
importance of turpentine, studies of its composition have been few and only recently 
have the minor components been systematically identified. More notable of those who 
have investigated this aspect of turpentine using modern methods of chemieal and 
instrumental analysis are Palkin, Chadwick and Matlack (4,5,23), and Mirov (18) in 
the U.S., and Dupont in France (G). 

The variation in types aud concentrations of the major, minor, and trace com- 
ponents of turpentines depends on souree and treatment during refining, For ex- 
ample, some of the factors which influence the composition of American and foreign 
gum turpentines inelude the species of pine, the age of the tree, and the season of tur- 
pentining; composition differeuces among steam-distilled turpentines depend on the 
age of the dead wood, the geographical location and type of fragment collected for 
processing, and the techuiques used in refining. 

The major constituents of turpentines of all origins are one, two, or three bicyclic 
unsaturated terpenes of the types: a-pinene, 6-pinene, and 3-carene. (See Vol. 13, 
p. 727.) The presence or absence of these terpenes can generally serve to identify 
the particular source of a turpentine. a-Pinene is common to all turpentines and is the 
major constituent of most American commercial products (Table I). 

B-Pinene is present in substantial quantities in gum and sulfate turpentines, 
which are a source of technical grades of this terpene, 8-Pinene is absent, or present 
only in trace amounts, in steam-cistilled wood turpentine. Generally, this fact can be 
used to distinguish this turpentine from gum and sulfate products. In lesser known 
commercial products such as Indian turpentine (from the chir pine, Pinus longifolia 
Roxb.) or in turpentines currently of scientific interest only, as turpentine from western 
U.S. Ponderosa pine (11), 38- or 4-carene is the predominant constituent and the main 
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terpene, One sample from Ponderosa pine stumpwood contained 70% 3-carene (11). 
3-Carene has also been found in substantial amounts in Swedish sulfate turpentine 
(39, in one sample} along with a and é-pinenes, 


TABLE IL Composition of American Turpentines. 
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* Reliable analyses of D. D. turpentine ; are net avail 
chief terpene present. 

The minor constituents of turpentines are primarily unsaturated monweycelic ter- 
peue hydrocarbons and include terpinolene, terpinenes, limonene and ity d/-isomer, 
Jipentene, and the corresponding saturated hydrocarbon, p-menthane (see Vol. 13, 

p. 721). Dipentene occurs most frequently and relatively in largest amounts,  p- 
Cymene, an aromatie compound frequently associated with terpenes and classed with 
them, and several nenthadicnes are also found in minor amounts in most types of 
turpentine. In steam-distilled turpentine, camphene, a very reactive bicyclic terpene, 
is found in minor amounts. 

Trace constituents of turpentines are numerous. These include secondary and 
tertiary terpene alcohols such as fenchy! alcohol, borneol, and a-terpineol (see Vol. 13, 
p. 731); terpene ketones and cineoles; and phenolic ethers (g.v.) such as estragole 
(methyl chavicole). Crudely refmed turpentines contain also traces of resin acids, 
polymeric terpenes, and a variety of products usually found in plants and natural 
resins. 











TABLE II, - Typical Physical Properties of Commercial Turpentines, 
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In freshly distilled turpentines, other oxygen-coutaining compounds such as 
aldehydes may occur, but only in trace amounts. However, aged samples which 
have been exposed to the air may, as a result of oxidation, contain greater than trace 
amounts of oxygen-containing products of secondary origin; these inelude hydro- 
peroxides, alcobols, ketones, and acidic materials. 

Constants. ‘The major constituents, bicyclic terpenes, determine the physical 
properties of a turpentine and its suitability for application, especially as a chemical 
intermediate. In spite of the great variance in chemical composition, however, the 
physical properties of commercial turpentines are surprisingly uniform (Table IT). 

Accordingly, most types are satisfactory with respect to the major use as a solvent 
and thinner for a variety of protective coating materials, waxes, and polishes, 

Comparative values for the thermal and combustion properties of the various 
types of turpentines are not available. The following values, however, are believed to 
he typical for turpentines (vegardless of type) which meet ASTM or Federal specifica- 
tions: Burning characteristics, smoky flame; flash point (Tag closed cup), 91°F.; 
latent heat of vaporization, 68.6 cal./g. at 156°C.; specific heat (0-95°C.), 0.453; 
heat of combustion 1,460 kg.-cal./mole; and vapor pressure: 


Temperature, °C... cette eee —1.0 5.4 $0.1 132.3 155.0 
Pressure, mm. Hg... 0.200. ee veers LO 20.0 100.0 400.0 760.0 


Reactions. The chemical reactivity of turpentincs varies with the composition 
but generally is that characteristic of e-pinene, not ouly the most frequently occurring 
and duminant terpene constituent, but also one of the most active chemically. Accord- 
ingly, reactions that turpentine of high e-pinene content could undergo would include 
substitution by halogens; addition of halogen acids, hypochlorous acid, and nitrosyl 
chloride; reaction with phosphorus pentasulfide and hydrogen sulfide to form complex 
sulfur compounds and mereaptans; and addition of organi« acids and alcohols to 
form esters and ethers, respectively, In the presence of Friedel-Crafts-type catalysts 
turpentine can be polymerized to hard resins. With acidic clay catalysts it can be 
isomerized to camphene. On pyrolysis it yields a mixture of acyclic and monocyclic 
terpenes along with a mixture of pyronenes. Oxidation yields hydroperoxides and/or 
ketones and alcohols depending on conditions of control. Also, turpentine can be 
hydrogenated to form chiefly pinane and can be hydrated to form a mixture of tertiary 
terpene alcohols, including terpin hydrate. 

For the chemical activity and other properties of 8-pinene and the less familar and 
minor terpenes comprising turpentines see T'erpene resins; Terpenes (mono-, cyclic). 
For a discussion of the toxicity and flammability hazards of turpentine, see refs. (17,20). 


Sources 


The common source of all turpentines is the genus of coniferous trees known as 
Pinus. Turpentine is associated with both the oleoresin from the sapwood of living 
pines (gum turpentine) and with the resinous component of the boles or trunks 
and heartwood stumps of dead pines (wood, sulfate, and D, D. turpentine). Figure 1 
summarizes in a general way these sources. 


The biological origin of oleoresin, as described by Gerry (10), is within thin-walled parenchyma 
cells which in living trees are found in the outermost layers of sapwood next to the bark. These 
resin-producing cells occur in both vertical and horizontal arrangement. Through crossing and 
interconnection the cells become unified, and this gives rise to ducts or canals and permits passage of 
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turpentine wood turpentine wood turpentine 


Fig. 1. Sources of turpentine (silt af origin shown in parentheses). 


resin, Upon natural or artificial damage (searitivation as in turpentining) to the sapwood af a pine, 
some of the parenchyma cell walls are broken and the olearesin exudes fron Giese. The cells produce 
dleoresin during the growing or warm months of the year (Mareh ta November in southeastern 
United States) and remain alive and produetive for several years if proper methods of searification und 
other stimulation practices are used (see p, 386), Oleoresin is not. the sap of the pine, "The sap is an 
aqueous solution which is conducted through the sapwood hy vertiewly extending tracheid cells de- 
rived from the cambium tissue of the pine, 

Kach year « portion of the older parenchyma cells in the inuer lavers of sapwood becomes tat 
pregnuted with resin and ceases to function, This is the process of the transformation of sapwood to 
heartwood. The heartwood, which serves asa support for the tree, increases in size asa tree ages and 
becomes much higher in resin content than does the sapwood. 

Steam-distilled wood turpentine is obtained from the resinous heartwood of the old pine stumps 
left. over from lumbering operations (see p. 388). (It is estisnnted that heartwood of pine sturips con- 
tains as much as 26% resin, the heartwood of the bole about 7 to 10% resinous constituents, and the 
sapwood about 1 ta 3% of oleoresin.) 

Both the oleoresin-producing cells and, to a lesser extent, the resinous heartwood of young pine 
bole may be considered the site of origin of sulfate turpentine, obtained as a by-product during the 
manufacture of paper pulp by the sulfate pulping process (see p. 891). D. D. turpentine (see p. 390) 
also may be considered us arising from the resin constituents of both sapwood and heartwood of bele 
and lightwood (fragmentary wood left over after lumbering operations). Table IIT shows typical 
compositions of gm (oleoresin) obtained from the living pine in comparison with the resinour ma- 
terial extracted with solvent from the heartwood of dead pine stumpwood. 





TABLE If, Approximate Compositions of Turpentine Source Materials, 
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The species of pine which are capable of producing oleoresin and eventually 
heartwood stumps, or whose wood is suitable for pulping or distillation, are too 
numerous to mention. The composition of gum turpentine from +1 species of 
pines in the U.S, and Canada alone has been reported (18). However, at the present 
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time in the U.S., both gum and wood turpentine are produced commercially primarily 
from the oleoresin and stump heartwood of two species of pine, slash (Pinas caribaea 
Morelot) and long leaf (Pius palustris Miller), Other species of pine are turpentined 
outside the U.S, (11,27). These include Seateh pine (Pinus stloestris L.), used in 
Europe and also used in Scandinavian countries for paper pulp manufacture during 
which sulfate turpentine is obtained as a by-product. 


Production Methods 
GUM TURPENTINE 


Gum turpentine is one of the major products of the gum naval stores industry. 
It is the total volatile constituent of pine oleoresin, the nonvolatile portion of which 
yields gum rosin. The source of the raw material (referred to in the industry as gum 
or dip) for production of gum naval stores is various species of the living pine tree. 
See also Rosin and rosin derivatives. 

Tn general, the basic methods of stimulating oleoresin production, its collection 
or harvesting, and its separation and refining into gum turpentine and rosin are simi- 
larly employed by all gum turpentine-producing countries. The U.S. and highly 
industrialized countries have, through scientific approach, modified and improved to a 
high degree the various production steps, especially the technique of stimulating gum 
or oleoresiu flow. In some of the countries producing only minor amounts of turpen- 
tine these steps are crudely carried out, and this is reflected in the quantity, quality, 
and price of turpentine produced, 

At present the area in the U.S. yielding gum naval stores raw material and the 
location of processing plants or stills are centered around Ceorgia (8,29) and include 
the adjaceut states of Florida, Alabama, South Carolina, and the nearby states of 
Mississippi and Louisiana. This general area was formerly forested with several 
species of virgin pines which earlier were worked for naval stores. It has since been 
timbered and today is covered with second-growth pines primarily of the slash and 
longleaf varieties. It is estimated (24) that about thirty million acres of these two 
species of pines now exists in the South Atlautic and Gulf Coastal states, and of this 
amount about seven to eight million acres is of sufficient age to produce oleoresin. 

Slash pine is preferred for oleoresin production since it becomes of a sufficient size 
for working when it is 15 to 25 years of age, whereas a longleaf pine must reach an age 
of 25 to 45 years before it is profitable to work for naval stores. 

Turpentining. Artificial wounding (tapping, cupping, or chipping) and other 
methods of stimulating the tree to produce oleoresin and the systematic collection of 
the oleoresin are referred to in the industry as turpentming (8). 

Chipping, carried out manually with a special hand tool called a hark hack, is a 
progressive upward streaking of the producing face of a tree. The shallow V-shaped 
incisions are referred to technically as scarificution. Chipping must be done at inter- 
vals during the producing season (March to November), aud its frequency varies, 
depending on weather conditions and stimulation practices. The oleoresin as it 
exudes from the tree flows down the chipped face from the uppermost streak and is 
guided into collection containers by various guttering arrangements (8). Generally 
the containers (1- to 2-quart capacity) are cup- or pan-shaped and are made of rust- 
resistant metals or of nonmetals such as clay. Several systems of cup and gutter 
arrangements are in use today. ‘These include the Balt system, the one-piece apron 
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system, the tave-pieco apron svstem, the Merty system, and the latest devised (28), 
the spiral gutter arrangemertt. 

The period of most rapid oleoresin flow is in the warmer months and directly after 
a streak has heen made, The flow gradually tapers off between chipping periods. 
‘Trees are generally chipped at one-week intervals but, if the weather is particularly 
dry, this may be done as often as twice a week. Cups are emptied, generally 
at monthly tutervals, into wooden or metal barrels located throughout the turpentined 
area. When full, the barrels are transported to the processing plant. Periodically 
gutters and cups must also be moved upward to prevent undue formation of “scrape,” 
oleoresiu from which most of the volatile constituents have evaporated, Serape ts 
removed at infrequent intervals from the tree aad it is generally processed along with 
the usual run oleeresin. 

The methods of chipping, location of the chipping (the face) on the tree, and opti- 
mum age for turpentining have heen subjects of study for a great number of years by 
government agricultural agencies. ‘The results of these investigations (30) have paid 
off in greatly increased yields of oleoresin and permit longer working life of trees. In 
recent years chemical treatment, of the producing face has been found to increase 
gum flow and to permit longer periods of time to elapse between chippings. This has 
significantly reduced labor requirements. Several types of applicators for chemical 
stimulants have been devised; one that is in wide use is the squeeze bottle type (84). 
Chemicals currently recommended for use include 50% aqueous sulfuric acid for gen- 
eral use on most pines, and 2,4-cichlorophenoxyacetic acid (2,4-D) as a 2% aqueous 
solution specifically recommended for slash pines (7,30) (see Vol, 10, p. 725; Weed 
killers), Infection of the face with a pine canker fungus was demonstrated (83) to 
cause above-normal oleoresin flow: however, the method has never been put into 
commercial practice. 

In general, turpentining as practiced in the U.S. today ix carried ont by individual 
farmers or “producers” who sell their gum to distillers, and by “operators”? who distill 
as well as harvest their oleoresin. It has been estimated (24) that there are about 
13,000 turpentining sites in the southern states, about 10°, of which are large acre- 
ages and are controlled by the larger operators. These few large turpentining areas 
represert about, 80% of ibe trees worked. 

Oleoresin Distillation. Oleoresin is separated into gum turpentine and gum rosin 
by distillation. In the U.S. hateh stills are used for this purpose, although a contin- 
uous distillation still has been developed by the Olustee, Florida, Naval Stores Experi- 
ment Station (8,24), Thisis not yet in commercial use. 

The simplest of the stills producing gum turpentine in the United States is the 
small direct-fired batch still known as a fire sill. Formerly many of this type were in 
operation, but today turpentine from these stills represents a small fraction of the total 
amount of gum turpentine produced. The fire still is a large metal (usually copper) 
vessel of about 10- to 80-barrel capacity and with a removable head for charging the 
oleoresin. The head is fitted with an arm which directs the distillate into the con- 
denser, which is a coiled copper pipe cooled in a water bath. The stills are generally 
mounted on brickwork and are heated externally on the bottom and lower sides by 
woocdl or oil. 

The fire-still distillation generally requires about 2 hr. per batch. Oleoresin is 
charged into the vessel as it is delivered to the plant, along with 2 to 3 gal. of water per 
drum of gum. Intermittently during, or once towards the end of, the distillation ad- 
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ditional water is added to prevent overheating or burning. The distillate, a mixture 
of turpentine and water, after condensation is run into harrels or separators where the 
turpentine is drawn off from the top. Most operators run the turpentine through 
salt, beds to remove remaining traces of water before barrelling or sending to storage 
tanks, (The residue in the still, gum rosin, is run through several beds of filtermg 
wnedia to remove trash, dirt, and sand before barrelling.) 

The more modern distillation operations, which start with cleaning steps developed 
by the Olustee, Florida, Naval Stores Experiment Station (24), are carried out at central 
processing plants. The oleoresin is cleaned by dihiting the crude oleoresin with 
about 35% of its weight of distilled gum turpentine. This dilution permits separation 
of trash, water, dirt, ete., by settling and/or by use of filter presses. Water-soluble 
impurities are removed by washing the turpentine solution of oleoresin with hot water. 
After gravity separation, the filtered, washed gum is then ready for distillation. In 
comparison with fire stills, the stills of central processing plants are larger, the charge 
is heated with internal steam oils, live steam is injected to effect steam clistillation, 
the condenser systems are much more efficient, and the process in general is much more 
closely controlled. 

Gum turpentine produced in ever-growing amounts by central processing plants 
meets ASTM and Federal specifications and generally is superior in uniformity and 
quality to gum turpentine produced in outmoded fire stills. 


STEAM-DISTILLED WOOD TURPENTINIA 


Steam-distilled turpentine is the terpene product of greatest commercial impor- 
tance produced by the wood naval stores industry. In the U.S. this industry, like 
others producing turpentine as a major item or as a by-product, is located near the 
areas yielding its raw material, the cut-over wastelands of the South Atlantic and Gulf 
Coast states. Other than Russia, which is believed to have a wood naval stores in- 
dustry of undetermined size, the United States is the sole producer of steam-distilled 
wood turpentine. 

The raw material of the wood naval stores industry is pine stumpwood and butt 
logs, remnants of some ten- to twenty-year or longer earlier lumbering operations in- 
volving virgin and second-growth stands of longleaf and slash pines. Stumpwood 
(especially that which has lost its bark and sapwood) of these species is high in resin. 
Rotting and subsequent sloughing off of the outer lavers of the stump occur about 
ten years after the tree has beeu timbered. As a result only the rot-resistant resin- 
rich core or heartwood of the stump and portions of the taproot remain. Steam- 
distilled turpentine is obtained from the resinous content of this aged wood. 

The butt log and stump of a virgin longleaf pine contain, respectively, on the 
average about 15 and 25% resin, whereas, the stumpwood of a second-growth pine 
contains about 15% resin. Steam-distilled turpentine, monocyclie terpenes, pine oil, 
wood rosin, and a gasoline-insoluble resin comprise the constituents of the resinous 
fraction of pine stumpwood. An analysis of a sample of aged virgin pine heartwood 
typical of that gathered for processing has been reported to contain 4% turpentine, 
19% rosin, 4% of a gasoline-insoluble resin, 28% water, and 50% of cellulosic and 
lignin~ty pe materials (14). 

In the modern practice of stump removal, the stumps are pushed from the ground 
with a specialized “pushdozer,” trimmed, reduced in size by blasting with dynamite, 
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sent to rail loading points, and then sent by rail to the stockpiles of the naval stores 
plants. For procurement of stimpwood, the larger wood naval stores producers 
maintain semipermanent woods camps central to areas which will provide raw ma- 
terial for several years. Collection is on a year-round basis except when inclement 
weather prevents operation of heavy equipment on rain-soaked terrain. 

Extraction, The plant process for the recovery and refining of turpentine, other 
terpenes, and resinous products from pine stumpwood is referred to as the steam and 
solvent method (16,25). Basically, it consists of extracting the resinous content of the 
wood with solvents and then separating and refining the constiiuents of the extract, 
among which is steam-cistilled turpentine. A detailed discussion with flow sheets of 
the process as employed by a major wood naval stores producer has been reported (15). 
The following operations are typical of most of the wood naval stores plants. At the 
processing plant the stumpwood, on arrival from the woods or plant stockpile, is first 
washed with high-pressure water to remove dirt and sand and then reduced to a size 
suitable for extraction. By some producers reduction of the wood to the desired size 
is accomplished stepwise: first it is fed to a rotary chipper, referred to in the industry 
as a “hog,” and then through a hammer mill-type shredder. The resulting splinters 
or chips ave moved by belt conveyer and charged through the top of a series of ex- 
tractors, which are insulated vertieal vessels. Some extractors liave a capacity of 
approximately 15 tons of chips. 

Hydrocarbon solvents, both aromatie and aliphatic, are used. Tixtraction of 
the resinous material from the chips is generally a continuous process. The solvent 
under pressure and inereased temperature, 63-83 p.s.i.g. and 265-285°F, when an 
aliphatic petroleum fraction is used (15), is circulated progressively through extractors 
arranged in series hefore it is withdrawn from the system. For example, fresh 
solvent enters the first or No. 1 extractor at the bottom until the resin content of the 
chips is, for all practical purposes, exhausted. Withdrawal of the extract for refining 
into liquid and resinous products is from the last extractor in the series, which gener- 
ally contains about ten extractors, At this point, No. 1 extractor is cut out of the 
series and fresh solvent is shunted to No. 2 extractor, which had been receiving solvent 
coming from the top of No. 1 extractor. When No. 2 extractor is exhausted of resin, 
the proeess continues by cutting out No. 2 and shunting fresh solvent to No. 3, and so 
on until the final extractor in the series has received fresh solvent. During this time 
the original No, 1 extractor has been steamed to remove excess solvent from the spent 
chips, the chips have been discharged to be burned as fuel, and the extractor has heen 
recharged with fresh chips. At this point, extractor No. 1 is again cut into the system 
at the end of the series for extraction of its contents and the cycle is repented as de- 
seribed above, 

The liquid withdrawn from the last extractor in the series is rich in resin and is a 
solution of terpenes and crude rosin in the extraction solvent. Most of the solvent is 
removed in atmospheric evaporators connected in parallel and is recycled to the extrac- 
tors as fresh solvent feed. The crude extract is passed through flash evaporators to re- 
move remaining traces of solvent and then sent to fractionators. There, by means of 
steam and reduced pressure, the crude oils.containing turpentine and other liquid 
wood naval stores products are separated from the ernde wood rosin, 

The crude oils are agitated with caustic soda to remove aldchydes and other ma- 
terials which otherwise might impart undesirable odor and color to subsequent te- 
fined materials. Following the caustic treatment, the oils are sent to batch stills 


390 TURPENTINE 


through which they are fractionated into steam-distifled turpentine and other terpene- 
based products. 

The type of solvent (aromatic or aliphatic) affects the total composition of the 
extracts, but is believed to have fittle effect on quality and quantity of turpentine 
extracted from the resinous heartwood chips; the difference in the extracts lies in the 
nature of the resinous products produced (32), 

In addition to the major constituent, a-pinene, other products of importance 
accompanying the production of steam-distilled turpentine include wood rosin, di- 
pentene, and pine oil (see Vol. 9, p. 587). Terpenes and associated products of com- 
mercial importance recovered in lesser quantities by the steam and solvent extraction 
of pine stumpwood include terpinenes, terpinolene, terpin hydrate, a-terpineol, and 
esbragole, 

Extraction of one ton of chips yields on the average approximately 85 lb. of crude 
vils, of which about 57%, or 48 lb. is turpentine, according to Hightower (15). On an 
original wood basis, this amounts to about 2.4%, which is of the magnitude of that 
recovered by the destructive distillation of similar source material. For a similar 
wood naval stores operation, Humphrey (16) reports a volatile oil yield of about 12 
gal. or about 90 lb. of crude oil per ton of wood chips processed. Crenerally, all tur- 
pentine offered by wood naval stores producers is refined to meet ASTM and Federal 
specifications for steam-distilled turpentine. 


DESTRUCTIVELY DISTILLED TURPENTINE (D. D, TURPENTINIE) 

D. D. turpentine is one of a number of products obtained by a process involving 
destructive distillation of resinous softwoods. In the U.S. what remains of this in- 
dustry is carried on primarily in the Southeastern section of the country, the locale of 
its source of raw material, the softwood pines. 

The wood gathered for distillatton, similar to that utilized in the steam ancl sol- 
vent extraction process, is dead down timber and stumps and trimmings left over from 
previous lumbering operations, The sapwood has generally sloughed off so there 
remains only the highly resin-impregnated heartwood, referred to by the industry as 
lightwood and fatwood. Waste wood of longleaf pine is preferred and used predomi- 
nantly; however, Cuban pine, loblolly, and shortleaf pines are also suitable and are 
often represented in the wood collected (18). For distillation the wood is reduced to a 
suitable size, generally 4 {[t. long with a maximum diameter of about 6in. The various 
types of plant equipment used to distill and recover the products, including turpentine, 
of softwood distillation have been decribed (9, pp. 253-58; 13; 22). Horizontal 
cylindrical steel retorts are generally used, although vertical retorts and larger con- 
crete retorts heated on the inside by cast iron flues have been employed. The re- 
torts are usually mounted in series and may be opened at onc or both ends, depending 
on method of charging and the size. Retort capacities are from 24 to 10 or more cords 
of wood, depending on the distillation technique and type of products desired. The 
smaller retorts are air-tight and fired by wood, coal, oil, or gas. Most installations 
utilize as auxiliary fuel the noncondensable by-product gases formed during the dis- 
tillation. Distillation requires from 16 to 48 br., depending on the method of heating, 
products desired, and retort size, and averages about 30 hr, for the larger retorts. 
The products of distillation are conducted from the retorts into water-cooled condeu- 
sers and are collected separately into several crude fractions. In addition to D. D. 
turpentine, separation of the condensed volatiles yields dipentene and other terpene 
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solvents, pie oil, various grades of pine tars and piue tar oils, and pyroligneous Liquor. 
The still residue is charcoal, See Wood. 

In a typical distillation (22), the condensate is collected in receivers called “tubs,” 
During approximately the first half of the run, the condensate, consisting of the lighter 
oils which contain the turpentine and pyroligneous liquor, is pumped from the bottom. 
These lighter oils are then recombined with heavier oils obtained during the second half 
of the distillation, and the mixture is distilled in pot-type stills by means of steam coils 
and live steam. The fraction of light crude oils, which contains the turpentine, is 
treated with sulfuric acid and after the acid is removed, the light crude oils are again 
distilled, this time over caustic soda and through a fractionating column, From this 
distillation a crude turpentine fraction is obtained which on further rectification yields 
refined turpentine and crude dipentene. 

The yield of turpentine from D. D, wood varies greatly and depends primarily 
on resinous eontent of the wood used aud the efficiency of separation of the erude light 
oils. Smith (9, pp. 253-58) estimated that from a cord (about 4,000 tb.) of pine 
lighiwood yields ranging from 35 to 140 Ib. of refined D. D. turpentine may be ob- 
tained. This represents about 0.9 to 3.5%, of the original wood. 

Refined D. D. turpentine, which differs slightly in composition from other types, 
is manufactured to meet ASTM and Federal specifications. 


SULFATE TURPENTINEE 

Sulfate turpentine is a by-product of the sulfate pulping process, a method es- 
pecially suitable for manufacture of paper pulp from resinous woods. It is recovered 
from pulp mills in Sweden and Norway, aud from softwood pulping mills in the South 
Atlantic and Gulf Coast sections of the U.S. 

The mills in the U.S. recovering sulfate turpentine use exclusively southern pine 
as raw material; the species pulped includes longleaf, slash, loblolly, shortleaf, and 
Virginia pines. In contrast with the aged, highly resinous woods used in production 
of steam-distilled and D. D. turpentine, the wood used in alkaline pulping from which 
sulfate turpentine is recovered is relatively newly ent and much lower im resin content. 
The origin of turpentine from pulpwood is both the oleoresin of the sapwood and the 
relatively low-resin-content heartwood of the living young tree. The alkaline liquor 
used in the alkaline sulfate pulping process (see Pudp) brings about. dissolution and dis- 
persion of the noncellulosic constituents of wood, including the resmous material Cor 
pitch as it is known in the paper industry), from which the turpentine is liberated by 
heat and steam, 

Tn the sulfate pulping process, releage of the turpentine occurs during the first 
third of the cooking cyele. During this stage, which lasts approximately 30 min., 
the steam pressure within the digesters builds up to approximately 60 to701b. Under 
these conditions, relatively noncondensable gases such as ammonia, methyl sulfide, 
and methyl mercaptan are formed. They must be vented to retain true steam pres- 
sure. The oily organic portion of the condensate of these relief gases is crude sulfate 
turpentine. The preseilce of sulfur compounds gives an extremely disagreeable odor 
to the crude sulfate turpentine, which must therefore be refined hefore it is aceeptable 
for any use. Refining methods are similar to those used for D. D. turpentine, that 
is, treatment with sulfuric acid followed by distillation over caustic soda. Generally, 
to uid removal of the odor, crude sulfate turpentine is treated with agents such as 
bleaching powder to oxidize the sulfides to less odorous materials. 
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Plants with modern efficient rectification stills are able to produce sulfate tur- 
pentine which mects all the requirements of ASTM and Federal specifications, in- 
eluding odor. It has been reported (24) that maximum yields of 19 lb. of crude sul- 
fate turpentine per ton of air-dry pulp have been obtained from loblolly, shortleaf, 
and Virginia pine, and 30 lb. from longleaf and slash pine pulpwood. Generally a 
yield of over 15 lb. (0.75% of air-dry pulp) is exceptional for species other than slash 
and longleaf pines. Recovery of refined sulfate turpentine from the crude product is 
estimated to average about 80%. 

Other naval stores products recovered as by-products from the sulfate pulping 
process include 2 small amount of poor-quality pine oil obtained from the condensed 
gases and tall oil (primarily a mixture of fatty and resin acids and the source of tall 
oil rosin recovered from the spent digesting liquors (see Resin; Tall oil)). 


Economic Aspects 


The U.S, is the world’s leading producer of turpentine and has held this posttion 
for years, as is shown in Figure 2 and Table IV. 
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Fig. 2. World turpentine production (21). (4) World total; (B) outside U.S. 


TABLE IV. U.S. Turpentine Production. 











Steam-distilled Dostructively 

Gum woo. Sulfate wood distilled wood 

April L- 50-pal. % 50-gal, OD 50-gnl, % 50-cal, % 
March 31 barrels Total barrels Total barrels Total barrela Total Total 





1948-44 -288,382 56.7 125,171 24.6 91,045 17.9 3,884 0.8 508, 432 
1945-46 244,252 50.0 129,101 26.5 110,262 22.6 4,516 0.9 488,131 
1947-48 294,028 45.0 208,895 32,6 134,160 20.0 3,820 0.6 640, 908 
1950-51 271,880 38.4 237,080 33.4 194,180 27.4 5,40 0.8 708, 550 
1951-52 246,460 36.0 229,590 33.6 208,480 29.7 4,480 0.7 683 , 960 
1952-53 217,360 38.5 174,820 31.0 169,560 30.0 2,930 0.5 564,670 


Source: ref, (21). 








Of the world’s production of approximately £6 million gallons in 1952, the U.S. 
accounted for 28 million gallons or 60% (21). Greece, which has emerged since about 
1945 as a major producer of turpentine (gum) from the Aleppo pine (Pinus halepensis 
Miller), aceounted for approximately 15% of the production. France, a consistent ma- 
jor producer of turpeutine (gum), principally from the maritime pine (P. maritima 
Iam), produced about 11% of the world’s output in 1952, Other countries producing 
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gum turpentine in commercially significant quantities include Russia, Portugal, Spain, 
Mexico, Japan, and Germany. 

In the five years preceding World War TI, exports of turpentine from the U.S. 
ranged from 20 to 40% of the quantity produced. However, since World War II, 
exports have dropped considerably from a high of 29.4% for the crop year 1950-1951 
toa low of 14.6% for the crop year 1952-1953. 

Until recently, the production of gum turpentine in the U.S. has always exceeded 
that of the other types of turpentines by a considerable amount. Before 1945, gum 
turpentine production amounted to more than 50° of the combined production of al! 
the other turpentines. Since that time, however, production of gum turpentine has 
steadily decreased, whereas that of steam-distilled and sulfate turpentine has generally 
shown yearly gains. For the 1952-1953 crop year, gum turpentine represented only 
38.5% of the total production, whereas steam-distilled was 31%, and sulfate turpentine 
30% (21). 

The decline of gum naval stores production has been attributed largely to the 
lack of mechanization or the resulting dependence on abundant and cheap manual 
labor, especially for the working of turpentine groves. A shortage of labor occurred 
during World War IT and since then the gum naval stores industry has been economi- 
cally curtailed by the high cost of labor. More recently, an additional factor aceount- 
ing for reduced gum turpentine production is the withdrawal of large acreages of pine 
land from turpentining by pulp manufacturers who have purchased them exclusively 
for pulpwood raw material. 

The steady increase in production of both steam-distilled and sulfate turpentines is 
attributed, in general, to the more ecotiomical methods under which they are produced, 
improved methods of refining, and their acceptance as equal to gum tarpentine 
in performance. Improvements in refining techniques particularly account for greater 
production and consumption of sulfate turpentine. Without cfficient refining, sulfate 
turpentine was practically worthless because of its obnoxious odor. For a long time 
most of it, was burnt as fuel or dumped into rivers or creeks. 

The average monthly price for gum turpentine as posted by the Naval Stores 
Exchange at Savannah, Ga., for some recent years is shown in Table V. 


TABLE V. Monthly Average Price of Gum Turpentine at Savannah, Ga.’ 











Year Cents/gal, Year Cents/gal, 
1989 10.44 1048 48,30 
1940 25.18 1940 38.68 
1941 49,52 1950 63.24 


1944 77.67 1958 51.88 





@ After December 1951 prices are f.o.b. plant. 


There have been brief periods when steam-distilled turpentine has been sold at 
higher prices than gum turpentine. Generally, however, steam-distilled turpentine is 
quoted at the same or at a somewhat lower price than is gum turpentine. This has 
been due mainly to support of gum turpentine prices by the government loan program 
on this commodity (31). Sulfate turpentine, until recently, has been priced substan- 
tially below gum or steam-distilled turpentines because of its inferior odor, but with 
the introduction of improved refining procedures it has commanded a more competitive 
price. D, D. turpentine has never been produced in sizable quantity and, like gum | 
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turpentine, its production shows signs of declining, Today, several of the proed- 
uets of softavood distillation are being produced synthetically or by more economical 
methods. Aceordingly, although several plants are still producing D. D. turpentine, 
this process has ceased to he as attractive as formerly. In terms of turpentine pro- 
duction, as shown in Table LV, destructive distillation of wood has been and continues 
to be of small importance. 


Specifications and Standards 


Solvent and Thinner Turpentine. Standards, specifications, approved test: 
methods, and definitions of commercially acceptable types of turpentine have been 
established by ‘standards’ institutions or societies and/or government agencies in 
several countries, including Canada, Fingland, and the U.S. In general, physical 
and chemical specifications are designed to insure the consumer’s receiving an unadul- 
ternted turpentine especially suitable for use as a solvent and thinning agent for oleo- 
resin-based protective coatings. 

U.S. standard designated turpentines are recognized as standard types by the 
American Society for Testing Materials and conform to physical and chemical speci- 
fications for turpentine established by the latter organization (ASTM Designation: 
D138-51) (1, p, 222), which are: 

Appearance. Spirits of turpentine shall be clear and {ree from suspended matter 
and water. 

Color, The color shall be “standard” or better. 

Standard color. That color in turpentine which, when the liquid is viewed length- 
wise through a colorimeter tube, requires a column of the turpentine 150 mm. in height 
to give a color equal to that of the No. 1 yellow Lovibond glass (12). 

Odor. The odor shall be mild and characteristic of the kind of spirits of turpentine 
specified. If desired, deliveries shall conform to the odor of the sample agreed upon 
by the purchaser and seller. 

Methods of testing. Properties comprising both U.S. and ASTM specifications 
must be determined in accordance with approved ASTM methods of sampling and 
testing turpentine (ASTM Designation: 233-51) (1, p. 257). See also Table VT. 


TABLE VI. ASTM Specifications for Turpentine. 


Wood turpentine 

















Gum spirits Destructively 
Property of turpuntine Steam-distilled Sulfate distiNed 
Max. Min. Max. Min. Max. Min. Max. Min. 
clay 0.875 0.860 0.875 0.860 0.875 0.860 0.865 0.850 
np 1.478 1.465 1.478 1.465 1.478 1,465 1.483 1.468 
Residue alter polymerization 
with 38 NV HSO,, vol. % 2 —_ 2 — 2 _ 2 — 
Refractive index at 20°C, a 1.500 0 -- 1.500 0 -— 1.500 0 — 1,48t) 
Initial boiling point 21.760 mm., 
°C. L6O 150 160 150 160 150 157 150 
Distilling below 770°C. at 760 
mm., % _ 90 — 90 — 90 —- 60 


Distilling helow 180°C. at 760 ; 
numn., % — — — —_ — me — 90 
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Turpentine for use hy all Pederal agencies, Incliding the Army and Navy, must 
comply with U\S. standards and specifically with Federal Specifications TT-T-801, 
TT-T-806, snd TT-P-111.) These specifications inelude, in addition to physical and 
chemical requirements, imstructions for orclering, packaging, marking, shipping, in- 
specting, sampling, and Lesting. 

Chemical Intermediate Turpentine. Specifications for turpentine used as a 
chemical intermediate are established generally by each individual manufacturer 
and vary, depending on the nature of the chemical derivative to be produced. Very 
little turpentine of Vederal specification grade is used as such for chemical manufacture. 
In most cases, turpentine intended for chemical conversion lias undergone additional 
refinement to remove or increase a particular constituent, commercial grades of c- 
pinene being an example (see p, 396). 

Medicinal Turpentine. Standards, methods of testing, and description of turpen- 
tine approved for use in pharmaceuticals or medicinal preparations are contained in 
The National Formulary (19). These standards recoguize only a turpentine oil and 
rectified turpentine oil derived from the oleoresin, of the living tree (as well as turpen- 
tine, the oleoresin itself, from Pinus polustris Miller and other Pinus spp. called also 
“eum thus” and ‘gum turpentine’). Accordingly, only guin turpentine within the 
prescribed physical specifications is approved for medicinal usc. For internal use 
The National Formulary prescribes a rectified oil, prepared by steam distillation of gum 
turpentine in the presence of dilute sodium hydroxide solution, 

There has not been a U.S.P. standard for medicinal turpeutine subsequent to the 
twelfth revision (1942) (26). This deletion indicates the decreasing use of turpentine 
as such in modern medical practice. 


Uses 


The historical (colouial period to Civil War) uses for turpentine included a bost of 
eurative and medicinal applications of unfounded merit (9, pp. 29-30), its use as un 
illuminant and us a sulveut for early types of paints and stains, Its use as an ilumi- 
nant was short-lived and disappeared following the discovery of petroleum. Today, 
other than in the form of derivatives, turpentine finds little use in medicinal prepara- 
tions (see, however, Anihelmintics, Vol. 1, p. 989; Emetics and evpectorants, Vol. 5, 
p. 685; Oils, essential, Vol. 9, p. 590). 

Growing out of one of the original uses and now accounting for the largest con- 
sumption of turpentine is its use as 4 thinner for drying oil- and oleoresin-based paints, 
varnishes, and enamels. Formerly, the use of turpentine by the paint and varnish 
industry was about evenly divided between manufacturer and consumer. In the 
past thirty years, however, the use of turpentine by the paint manufacturer as the 
primary solvent for the resinous component of paint and varnishes has given way 
entirely to cheaper petroleum solvents. 

Today, the still large demand for turpentine in this ficld is ‘over the counter 
sales” to professional painters and private individuals for use as a solvent and thinner 
to prepare and modify pigment pastes and ready-mixed paints for on-the-job applica- 
tion. Its consumption by amateur painters is to a large extent for use as a brush 
cleaner and storage medium. In paint: aid varnish formulations, turpentine functions 
in a multiple capacity. It is an excellent solvent for the oil, rosin, or synthetic resin 
film-former; it accelerates oxidation of drying oils; it reduces viscosity so that the 
coating may be smoothly and evenly applied; and its low surface tension permits i; to 
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wet and penetrate wood surfaces, for which it has a natural affinity. Penetration of 
the turpentine carries the pigment-binding resin into the wood and thus results in 
firm anchorage of the protective conting. Tis vapor pressure is of an order to permit 
adequate brushing time. ‘Che low percentage of turpentine whieh, on drying of the 
coating, does not evaporate, generally polymerizes and remains as a compatible com- 
ponent of the dried film-former. 

The second largest but ever-growing demand for turpentine is for production of 
chemicals and chemical mtermediates. A notable example, synthetic camphor, is one 
of the oldest pure chemical derivatives of the e pinene constiluent of turpentine (sce 
Camphor), Originally, camphor and other chemical derivatives of turpentine were 
produced from turpentines of natural composition. Today, instead of using natural 
turpentines or U.S, standard grades of turpentine for chemical conversion, a high- 
purity concentrate of the desired constituent is used; for example, e-pinene, @-pinene, 
or dipentene, which are commercially availible in tank-car quantities (see Verpenes 
(mono-, eyclic)). They are obtained by secondary fractionations of standard tue 
pentines or by more efficient fractionation of turpentine source materials. Tigh- 
purity grades of e@- and 8-pinene are produced to meet customer specii.cations which 
are dependent on the product to be manufactured. 

More notable of the chemical intermediates from turpentine and their derivatives 
include a-pinene, B-pinene, dipentene, isoborneol, camphor, eamphene, a@-terpineol, 
terpin hydrate, chlorinated camphenc, synthetic terpene alcohols, and reaction prod- 
ucts of a-pinene and dipentene with phosphorus pentesulfide. These derivatives 
ultimately find their way into end products such as terpene resins (q.v.) und other syn- 
thetic resins, pharmaceuticals, insecticides, disinfectants, essential oils and other per- 
fume constituents, and petroleum additives. 

The smallest. segment of the present-day consumption of turpentine, which de- 
pends on its excellent solvency for oils, natural anc synthetic waxes, and resins, in- 
eludes its use in cleaning compounds, printing inks, belt dressings, and floor, fuirnitiure, 
leather, and shoe waxes and polishes. 
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TYNDALL EFFECT. See Colloids, Vol. 4, p. 228. 


TYPE METALS AND PLATE MATERIALS 


Type metals are alloys of lead, tin, and antimony in various proportions. They have 
been in use for over five centuries, and their use has continued to this day because of 
several advantages. The alloying ingredients are available in ample supply, the 
alloy compositions are not too critical, they have a low melting point and good cast- 
ability, and they have a minimum contraction upon solidification. They provide 
clean, sharp casts of type characters and can be readily machined and soldered. Type 
metals can be corrected for composition, cleaned, crossed, and remelted with fairly 
simple equipment and at a low cost, The hardness of the alloys can be increased or 
decreased by varying the percentages of tin and antimony added to the lead. 

This article also discusses nonmetallic plate materials (see p. 404) and certain other 
materials used in Ictterpress printing, such as molding materials. Processes other 
than the letterpress process are described under Printing and reproducing processes. 


Type Metals 


‘Vable I gives the composition and other data for five metals, foundry type, Lino- 
type, Monotype, stereotype, and electrotype. See also Figs. la-c. It will be seen 
that in composition they do uot differ very widely, but 1t must be remembered that 
their manner of use is different. 

Foundry type is used when type is set by hand, which is the oldest process of type 
setting. The original typesetting (type-casting) machine was the Linotype, and this 
was followed by the Monolype. 

Type prepared by any of these typesetting processes may be printed {rom directly 
in the letterpress process of printing. Alternatively, the original type settings may be 
used as patterns from which duplicates, or replicas, are made by the sfercolype process, 
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the electrotype process, ov other processes; the duplicate plates are then used in the 
letterpress printing pracess. 
When other printing processes are to be used, such as lithography or gravure 





@ (a) 





Fig. 1. Photomicrographs of representative type metals (x 100): (a) foundry type; (b) Lino- 
type; (c) Monotype; (d) stereotype; (e) electrotype. (a, b, e, courtesy IE. W. Blatchford Co., 
Division of National Lead Co.; ¢ and d, courtesy Imperial Type Metal Co.) 


printing (see Printing and reproducing processes), carefully male ink impressions on 
paper or on trauspareut film material are made from the type, and these “proofs for 
reproduction” are used as copy in making the plates or printing cylinders. 


TYPE METALS AND PLATE MATERIALS 399 


TABLE L. Typical Composition and Properties of Type Metals. 








Composition, &% Brinell 
. a hardness . 
Kind Pb Sn Sb numbere Liquidus, °F, Solidus, °I’. Reference 








Foundry Type 


Soft, 70 10 20 30 553 462 


1,2,6 

Typical composition 62 13 25 34 617 462 1,2,6 
Special 54 18 28 — 637 462 1,6 
Hard (1.5% Cu) 60.5 {3 25 — — _ } 
Hard (1.5% Cu) 58.5 20) 20) — _ — t 
Hard (2.0% Cu) 61 12 25 — _ — 5 

Linotype 
Stanchard RG 3 11 19 (77 4162 1,2 
Hard 8+ 5 il 22 475 162 1,2 
TMutectic alloy 84 { 12 22 468 L02 1,3,2 

Monotype 
Ordinary 78 7 15 24 503 42 1,2, 
Display 75 8 17 27 520 402 1,2,6 
Case type (Lanston 72 9 1) 28.5 5-46 462 1,2,6 

standard ) 

Case type 64 12 24 338 626 402 1,2,6 
Rules 75 10 15 26 518 462 1,2,6 
Stercotype 

Flat plate 80 6 14 23 493 462 4,2 

Cleneral 80.5 6.5 13 22 ABH 462 5,2 

Curved plates 17 8 15 25 505 462 1,2,6 
Ileetrotype 

General 95 2.5 2.5 _ 57 475 1,2 

General qt 3 ‘ 12.4 508 475 3,2 

Curved plates 93 4 3 12,4 561 4173 2 








® 250-kg, load, 30 see, (ref, 4). 


Photoengraving (see Vol. 11, p. 127) also produces relief plates (image-surface 
raised) which may then be used by the letterpress process, or as original patterns for 
making duplicate plates. 

Phototypesetting was commercially introduced about 1948 and is being used in- 
creasingly. In this device, cach letler is photographed, and a plate of the copy ts 
then made, usually by lithography. The printing industries refer to this new method 
of composition as ‘‘cold-type,” as compared with the “hot-type” processes in which 
type metals are used. 

Foundry Type Metal. Foundry type, set by hand, is widely used, wherever high. 
quality is required. For example, much advertising display matter is set by hand 
with foundry type. ‘The type is die-cast, on a special machine, against brass molds, 
or dies, that are prepared from a master design. ‘This casting is done by type- 
founders, who supply the type to composing rooms. Foundry type is not recast in 
composing rooms, as are Linotype and Monotype metals, 

After use, the type is broken up and each letter or character is distributed in the 
type. cases for subsequent re-use. Thus the type may be printed from, or molded 
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(i.e., used ag a pattern in molding), many times. Maximum hardness is therefore 
desirable, to resist, abrasion from wear, and mashing from molding pressures. 

From 1.5 to 2.0% copper is added to foundry type metal to obtain the hardest 
and most wear-resistant alloy. The antimony content may be as much as 25% in the 
hardest foundry Lype metal and is generally maintained at above 20% even in the soft- 
est. The tin content may vary from 20% in the hardest alloys to 10% in the softer 
foundry type, 

Linotype Metal. ‘The Linotype machine uses brass type molds, which are female, 
the shape of the letter being depressed in the surface. The machine assembles a 
complete line of these, and then a cast, or slug, of the complete linc is made in Linotype 
metal. The brass type molds are then distributed by the machine. The Lype metal, 
after thas been printed from or molded, is remelted and used in the next type-casting 
operation, 

A type metal having a short temperature range during solidification and a lower 
melting point than foundry type melal was found satisfactory for the machine. Al- 
though other linc-shig casting machines, such as the Intertype and the Ludlow, have 
been introduced! since the Linotype and use the same metal, the name Linotype metal 
remains in use. 

An antimony content of 11-12% and a tin content of 4-6% is used in the Lino- 
type metal. It is to be noted that special care must be taken in avoiding contamina- 
tion of Linotype metal with copper and zine. The construction of the casting unit of 
line-slug machines is such that the flow of the metal may be impaired as a result of 
contamination by either of these impurities. 

Sivip material, such as rules and spacing material, is cast on the Elrod machine. 
Linotype metal is generally used for the purpose. 

Linotype is widcly used for newspapers, books, magazines, and the like. No 
proof change can be made without destroying and recasting an entire line, and there- 
fore, wliere many changes are likely, or if much special type is to be used, Monotype is 
more convenient. 

Monotype Meta). This alloy is designed for use in the casting machine developed 
by the Lanston Monotype Machine Co. The machine die-casts a single character 
at a time, hence the name Monotype. Brass molds are used, and the arrangement of 
the machine is such that type distribution is eliminated. A rapid cooling of the cast 
makes possihle a high rate of production and the use of a relatively hard alloy, even 
though it is accompanied by a high melting point. After use, the type metal is melted 
for subsequent recasting. Thus this system of type casting provides a continuous 
supply of new, sharp, unused type. Tivery effort is made to obtain type with the 
Monotype machine that will compare favorably in service with foundry type. The 
antimony content of Monotype metal may vary from 15 to 25%, while the tin per- 
centage may vary from 7 to 12%. The metal has excellent casting characteristics and 
must withstand printing pressures, molding pressures, and wear. The molding 
pressures for electrotyping, stereotyping, plastic-plate production, and molded-rubber 
plate production may amount to as much as 2500 p.s.i. 

Stereotype Metal. Stereotypes are duplicate plates for letterpress printing. 
They are replicas of a type form and are made by pouring molten stereotype metal 
against stereotype mat, or matrix, which is a paper composition mold of a type form. 
The mat material consists of a uniformly thick shect of paper, about thirty-thousandths 
of an inch thick, that has been lightly calendered during manufacture. The surface is 
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coated by applying a film of a‘‘gum” solution. This solution is a proprietary formula 
for each manufacturer, and it usually contains some silicates and aluminates of alkali 
metals. The sheet material is conditioned to absorb water, up to about 20% by weight, 
after which it is placed face down on a type form. A resilient backing, of cork and 
felt sheets, is placed against the mat, and a pressure roller is passed over the assembly. 
The pressure of the roller causes the mat to be forced between and around the letters, 
forming an accurate paper composition mold of the type. The mold is then dried and 
placed in a suitable metal frame, wherein molten stereotype metal is poured against the 
mat surface. The pouring temperature of the metal should not exceed 625°F. The 
paper composition does not burn or char at this temperature, and, after solidification 
upon cooling of the metal, a cast, or stereotype, is thereby obtained. The stereotype is 
used as a printing plate. The stereotype process permits a number of duplicate plates 
to be made from a type form very quickly. Thus the stereotype process is convenieut 
where the identical advertisement is to appear in a number of newspapers simul- 
taneously; the mats are sent io the composing rooms of the different newspapers. 

The thickness of the casts seldom exceeds 14 in. In casting stereotypes for use on 
rotary newspaper presses, the mat is held in the curved position by vacuum iu a curved 
casting box. A slight pressure is applied to the molten metal after it has been cast, and 
rapid cooling is effected. The curved stereotype, cast in this fashion, readily fits the 
press cylinders after a minimum of finishing operations. Since stereotypes are printing 
plates and are sometimes used as patterns for making other duplicate plates, the stereo- 
type metal must have the maximum hardness possible for the pouring temperature 
used. The use of paper-composition mats limits the pouring temperature of the metal 
to about 675°F. for the average mat without scorching. Most stereotype casts are 
made at a metal temperature of about 625°F. Stereotype metal must also have good 
castability to reproduce the detail present im the mat. With care, good equipment, 
and carefully prepared material, it is possible to produce stereotypes having a printing 
quality comparable to electrotypes. Stereotypes are frequently plated with nickel, 
iron, or chromium to provide increased surface wear for printing long runs. 

Stereotype metal usually contains from 13 to 15% antimony and from 6 to 9% tin. 
' Stereotypes are remelted after use, and, therefore, the contamination of the metal with 
impurities of other printing metals requires a carcful control of composition and purity, 

Electrotype Metal. In the electrotype process there are two steps. First, a 
mold or impression is made, which is female, the printing areas being the bottom face 
of the depressions. On this a thin electrotype shell of copper is deposited by elec- 
trolysis. This shell is then backed up with electrotype metal, which is simply used as a 
fill-in material to give sufficient rigidity. 

Starting with a type form, made by any of the type-setting processes, or a printing 
plate made by photoengraving, a mold of the form is made in a molding material by 
direct’ pressure between two platens. For the molding material, wax was once 
widely used but is now largely replaced by a thermoplastic resin, a vinyl ace- 
tate-vinyl chloride copolymer. Sheet lead may also be used as the molding material. 

The mold is then connected as the cathode in electrolysis in a copper sul- 
fate solution. Wax molds are covered with powdered graphite to make them elec- 
trically conducting. Plastic molds are coated with a film of chemically deposited silver. 
Copper is electrodeposited to form a shell, about 0.008-0.014 in. thick. Sometimes 
nickel is deposited first, to a thickness of 0.001-0.002 in., to give a harder ‘printing 
surface, and is backed up by copper, 
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The back of the shell is then tinned by melting a film of electrodeposited tin, or a 
sheet of tin foil that has been previously applied and fluxed. While the tinned surface 
is fluid, molten electrotype metal is poured into the back of the shell at a temperature of 
about 650°F, Good adherence of the electrotype metal to the shell is thereby ob- 
tained. An overall thickness of metal of 0.125-0.275 in. may be poured, depending 
upon the kinds of plates being made. 

Until about 1940, casting was performed entirely in flat cast iron pans. All curved 
plates were formed from plates made flat. ‘Two types of machines are now available 
for casting curved plates. In each of them the shell is held in the curved position while 
the cast is made, Centrifugal casting of curved plates is an interesting and recent 
development in electrotype manufacture. The largest volume of backing up is still 
donc in flat cast-iron pans. Some mechanized operations and the use of metal pumps 
speed up the operation and improve the quality of the work. 

Since electrotypes have a printing face of electrodeposited copper or nickel, electro- 
type metal does not have to be as hard as other type metals. ‘The average composition 
used for flat plates is 38% antimony, 3% tin, and the balance lead. When the finished 
electrotypes are to be used as molding patterns for other duplicate plates, the electro- 
type alloy is usually hardened by increasing the antimony content by 2 or 3% and the 
tin by 0.5%. For curved plates, the tin content is usually increased to 4-6% and the 
antimony content to 3.5-5%. 

Electrotype metal can be formed by pressure. Thus the printing plane of an 
electrotype can be accurately formed by applying local or overall pressures on the 
electrotype metal back of the plate as needed. Curved electrotypes seat themselves to 
the curve of plate cylinders on rotary presses because of the ductility of the electrotype 
metal. By comparison, stereotype metal is too brittle to finish. 


GENERAL CHARACTERISTICS OF TYPE METALS 


Type metals melt and cast easily and are not especially sensitive to temperature, 
composition, corrosion, and oxidation. They do not readily segregate upon solidifica- 
tion. In the casting of type metals in metal molds for foundry type, and in the type- 
casting machines, rapid cooling is necessary to have a completely solid cast for ejection 
at the speed of the casting machine. This cooling causes solidification at the faces of 
the mold because itis chilled there first. There is a tendency for porosity in the centers 
of the type characters and the slugs because the air in the mold escapes with difficulty. 
The injection of the molten metal should be rapid enough to assure a good fill of the 
mold, and the temperature of the metal should be high cnough to avoid premature 
solidification, 

It has been stated that there is a slight expansion of type metal upon solidification 
and that this is the cause of the sharpness of definition of type characters. Actually, 
all type metals contract slightly upon solidification (3,8,9), and sharpness is caused by 
rapid chilling at the surface of the mold. 

The composition of the type metals for machine casting is not critical. The U.S. 
Government Printing Office used an alloy of 82% lead, 12% antimony, and 6% tin for 
many years as a“‘ universal” metal instead of separate Linotype, Monotype, and stereo- 
type metals, This practice reduced the need of segregating and correcting the several 
kinds of metals, It is true that some improvement in quality of casts can be obtained 
by using a type-metal composition especially formulated for the purpose. 

In the casting of type metals, the pouring temperature should be kept high enough 
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above the liquidus temperature to obtain solidification In the time required. In cast- 
ing stereotype metal, the tempcrature of the metal as poured is about 100°. above 
the liquidus, whereas Monotype metal should be cast at about 200°F. above the 
liquidus. 

Type metals containing 12% or more of antimouy will tend to segregate during 
slow cooling but will make homogeneous castings when chill cast. Segregation is 
likely to occur in molten metal in pots, and stirring should be used to maintain a uni- 
form composition. Stirring of type metal in pots will increase the rate of formation 
of dross, and this causes a loss of metal. Stirring of the metal pots should be done care- 
fully and in a manner to minimize surface oxidation of the molten metal. The tin 
and antimony oxidize first and are found to be present in the highest percentages in the 
dross. The tendency for type metals gradually to lose tin and antimony through dross- 
ing can be overcome by the regular use of correction metals. These metals contain 
high percentages of tin and antimony as compared with the original formula of the 
type metal. Regular analyses and the use of correction metals as a control procedure 
will permit the maintenance of a nearly constant composition of the type metals over a 
long period of use. 

Type metals should be clean and free from dross and oxide as they are used. 
These substances form as a skin on the surface of the molten metal. Overheating of 
the metal, excessive stirring, and the use of compressed air or steam in metal cleaning 
will greatly accelerate the formation of dross. The metal should be skimmed. Dur- 
ing use, the metal should be ladled or pumped from below the surface. In the opera- 
tion of type-casting machines, dross seldom is introduced into the casts; but it may 
clog the injection nozzles and feed lines of the machine and cause mechanical diffi- 
culties. 

The dross from type metal contains high percentages of unoxidized metal that has 
become mechanically entrapped in the oxide. Some of this metal can be recovered by 
treating the dross separately with a flux material, which may contain tallow, palm oil, 
rosin, ammonium chloride, and a reducing agent. 

The size of the grain of type metal is determined: by the rate of cooling during 
solidification. Smaller grain size may be obtained by increasing the rate of cooling, 
or by decreasing the temperature of the molten metal at the time of pouring or by both. 
A finer grain size is generally preferred, particularly in electrotyping and stereotyping. 
The addition of approximately 0.1% of arsenic, or 0.15% of tellurium, will produce a 
fine grain in eleetrotype metal and does not seem to affect the hardness or ductility 
adverscly. 

Effect of impurities. Type metals can be readily contaminated by small amounts 
of other unwanted metals. The casting behavior and properties of type metals may 
be seriously and adversely affected by the presence of such impurities. New type 
mnetals are usually prepared by secondary metal refineries and generally are not as 
pure as the virgin constituent metals. With the exception of foundry type metal, all 
the type metals are repeatedly remclted and recast. Efforts are made to keep them 
segregated by class and to keep them free from other kinds of scrap metal that may be 
used in the printing operations. In spite of precautions, there is always the possibility 
of contamination of the type metals by dross and oxides and by other metals, especially 
copper and zinc. The impurities known to be deterimental to type metals are copper, 
zinc, aluminum, arsenic, and nickel (except when added for specific reasons as dis- 
cussed later). Although type metals are usually processed in iron equipment, iron in 
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the type metal is considered detrimental, for the presence of small amounts may in- 
crease the drossing. 

Small amoutits of copper in type metal will combine with the tin to form long 
needle-like crystals that may clog the orifices of type-casting machines. The com- 
pound formed usually contains 99.6% tin and 0.4% copper, and it is known as 
hard tin. Crystals of this alloy will form if as much as 0.1% copper is allowed to con- 
taminate the molten type metal. Copper-tin and tin-copper alloys form fairly readily 
in all percentages. In elecirotype metal, these crystals present hard spots and promote 
segregation, Roth of these conditions interfere with the satisfactory curving of flat 
electrotypes. ‘Nickel has an effect similar to copper. As previously discussed, copper 
may be added to foundry type for additional hardness. 

The presence of 0.1% or more of zing will affect the castability of type metal and 
give a granular metal. The same effects are caused by the presence of small amouuts 
of aluminum. 

The presence of as much as 0.15% arsenic does not seem to have any injurious 
effect on type metal; indeed, the addition of as much as 0.75% arsenic to type metal 
has been made in some cases to improve castability and to increase hardness, Never- 
theless, arsenic is considered a harmful impurity in type metal. Some users report a 
deereasc in the fluidity of the metal because of the presence of arsenic. There are 
some reports of arsenic causing corrosion of the orifices on type-casting machines. 

Tn gencral, all the impurities mentioned increase the formation of dross and the 
attendant loss of metal. The metal also requires more attention because of the correc- 
tion treatment required to get rid of the impurities. 

Age Hardening of Type Metals (5,10,12,15). Tlectrotypes are harder to finish 
and more difficult to curve if these operations are not performed the same day they are 
east. It has been found empirically that measurements of the conventional hardness 
correlate well with the ability of the metal to resist deformation. Measurements of the 
hardness of electrotype metal as cast and after various time intervals indicate a definite 
increase in hardness over a period of 2 weeks. Most of the increase took place within 
the first 24 hours after casting. The total increase iu hardness for the 2-week period 
was about 50%. A study of this characteristic revealed that electrotype-metal age 
hardening is more pronounced than in the other type metals. This effect is favored 
by the small percentages of tin and antimony in electrotype metal as compared with 
the other richer type-metal alloys. 

In a solid solution, the solubility of antimony in lead decreases with a decrease in 
temperature below the eutectic point. Therefore, age hardening is possible by rapid 
cooling of the alloy. Age hardening of electrotype metal can be accelerated by heating 
the metal to elevated temperatures. By heating 14 hr. at 455°F, (235°C.), followed 
by quenehing in cold water and reheating at 185°F. (85°C.), the clectrotype metal 
atiains maximum hardness in 1 hr. Somewhat greater hardness is attainable by paus- 
ing for an hour or two at room temperature before reheating. This property has been 
utilized to a limited extent in hardening electrotypes for special purposes, such as mat 
patterns and embossing plates. 


Plate Materials 


This section discusses nonmetallic materials that can be used for the printing 
plates in the letterpress process of printing. Some of these materials can also be used 
for making the molds from which duplicate plates are mace. 
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Plastic Plates (11). Sinee about 1917, some commercial application of duplicate 
plastic plates has heen made. he first. plastic plates were of a thermosetting phenol- 
formaldehyde resin. The successful use of a thermoplastic Vinylite copolymer for the 
plate material was developed about 1980. A continuing increased use of duplicate 
plastic plates in letterpress printing has taken place. ‘The plates ave used for advertis- 
ing plates, book plates, folding-box printing, and a variety of commercial types of 
printing. 

In making plastic plates, a mold (female) is frst made of theform. Thermosetting 
phenol-formaldehyde resins are used as the molding medium. The plastic plates are 
then formed in this mold. 

Almost all plastic plates are made of a thermoplastic resin, a vinyl acetate—viny! 
chloride copolymer. ‘The resin is provided in granular and sheet form and is molded 
with heat and pressure in a thermosetting mald. Thickness bearers are used to regu- 
late the distance between the press platens at full pressure. Thus the plate thickness 
can be controlled. After forming the plate, it is cooled, and it may be used as is or 
mounted on a suitable printing base. The plates may be ground or shaved on the 
back to obtain a uniform desired thickness. 

Some plastic plates are made of a thermosetting phenol-formaldchyde resin, which 
is available in powder and granular form and are impregnated sheet materials. 
The same general procedure is followed in plate-making as is used for thermoplasti¢ 
plates. 

The PPR. Molding Process (16) employs a sheet of a thermoplastic resin, a vinyl 
acetate—-vinyl chloride copolymer, as the molding medium in the manufacture of elec- 
trotypes. The mold is formed by heat and pressure, a silver film is applied to the sur- 
face, and an electrotype shell is electrodeposited against the mold surface. Thermo- 
setting phenol-formaldehyde resins are used as the molding medium in the 
manufacture of plastic and molded-rubber printing plates. 

A variety of plastic-surfaced wood, plastic-surfaced laminates, and plastic sheet 
materials have been used for engraving original printing plates mechanically or by 
hand. This is performed essentially as woodcuts are made. Such plate materials find 
little application in the printing industry. 

Rubber Plates (11,14). The first printing from original rubber plates utilized a 
rubber-faced plate material on which hand or mechanical engraving of the plate 
was done as in making a woodcut. One of the materials had a hard-rubber cored base 
and a film of about 14 in. of a semihard rubber composition. Another material was a 
vulcanized rubber-canvas sheet. The surface compositions of these and similar ma- 
terials were suitable for cutting and engraving. About 1926, the introduction of the 
Jean Berte process of cutting rubber plates and the use of water-color inks with these 
plates intensified interest in cut rubber plates in the U.S. All the rubber-plate com- 
positions were formulated with natural rubber. 

About 1932, duplicate molded-rubber plates became a commercial reality. Un- 
cured rubber material is supplied in sheet form and is molded with heat and pressure 
in a mold made of thermosetting plastic. Vulcanization of the rubber takes place 
during the molding operation. Thickness of the plates is controlled by the use of 
thickness bearers. The plates may be ground on suitable machines to correct to uni- 
form thickness if desired. By laminating either a wire screen, a perforated sheet metal, 
paper, or cloth in the rubber plate material before molding, the dimensional changes 
that occur during molding can be eliminated or reduced. 
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The original rubber compositions used natural rubber, but plates of this material 
were caused to swell and break up by the action of the oil inks. Synthetic rubbers 
of the Buna-N type were found superior for use with this kind of ink. The GR-&8 
and butyl rubbers are also used for molded-rubber plates but are not as resistant to 
the action of oi! inks as Buna-N. Natural rubbers are preferred for plates to be 
printed with flexographic inks. 

Celluloid Plaies. The Scan-A-Graver machine was developed by the Fairchild 
Camera and Instrument Co. and introduced to the newspaper industry about 1948. 
This method does not utilize a single machine, material, or skill of the photoengraving 
process, yet produces plastic halftone plates of good printing quality. The plate is 
formed by an indenting of the surface by means of a heated stylus that moves rapidly 
up and down. The plate is formed around a cylinder and rotated so that a continuous- 
dot pattern is achieved over the entire surface. The depth of the indentations is 
varied by an elcetric current that is governed by a photoclectric scanning device that 
scaus the original photographic copy. The machine is rapid and ingenious. 

The Sean-A-Graver uses 2 transparent sheet of cellulose nitrate about 0.020 in. 
thick. The printing surface is colored with a dye so that the engraved pattern can be 
observed as it isformed. These celluloid plates are finding ready acceptance and will 
yield press runs of 30,000 good impressions. 

Norlan Plates. A German machine, the Klischograph, was introduced to the U.S. 
in the fall of 1953. This machine also mechanically engraves a halftone letterpress 
printing plate. A cutting stylus is used, and the width of cut is controlled by a photo- 
electric scanner that scans photographic copy only. The machine is sold in this 
country under the trade name Engrav-A-Plate. The plate material is probably an 
opaque white-pigmented polyvinyl! chloride sheet, possibly containing a limited amount 
of acrylate, about 0.020 in, thick. It may be used directly for printing or for making 
wax-composition electrotype molds or stereotype mats. 
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TYROCIDINE. Sce Antibiotics, Vol. 2, pp. 26, 31. 

TYROSINE, HOC ELCTHLACIIONIL)COOI, See Amino acids, Vol. 1, pp. 719, 726. 
TYROTHRICIN. Sce Antzhioties, Vol. 2, p. 13. 

TYUYAMUNITE, Ca(UO.)2(VO4)a.nH.0O. See Uranium. 





UCUHUBA BUTTER. See Fats and falty oils, Vol. 6, pp. 144, 147. 
ULEXITE. See Boron compounds, Vol. 2, p. 607. 
ULTRAFILTRATION. See Colloids, Vol. 4, p. 227. 


ULTRAMARINE BLUES. See Colors for foods, drugs, and cosmetics, Vol. 4, p, 313; 
Pigments (inorganic), Vol. 10, p. G49. 


ULTRAMICROSCOPE. See Colloids, Vol. 4, p. 228. 
ULTRAPHOSPHATES. See Phosphoric acts and phosphates, Vol. 10, p. 404. 





ULTRASONICS 


The acoustical spectrum may be divided into three regions on the basis of the limits of 
hearing of the human ear. The region trom 20 to 20,000 cycles/sec. is generally re- 
ferred to as the sonic, the region below 20 cycles/sec. is the infrasonic, and the region 
above 20,000 cycles/sec. the ultrasonic. Although the present discussion will involve 
ultrasonic waves, many of the more interesting effects and applications are not re- 
stricted to ultrasonic frequencies but extend into the sonic and even the infrasonie 
regions in some instances. ‘his is not surprising since the classification of the acous- 
tical spectrum into three regions on the basis of human hearing is somewhat arbitrary. 

Some confusion exists concerning the term supersonic. The latter should be 
reserved for phenomena that occur with a velocity greater than that of sound in a 
particular medium. Thus, it is proper to refer to supersonic flight and, in’ contrast, 
ultrasonic frequencies. 


The Generation of Ultrasonic Waves (1,2,9,11) 


The various sound sources that are available for the generation of intense ultra- 
sonic waves may be classified as’ How devices and piston devices. Flow devices include 
ultrasonic sirens and whistles which are effective at frectuencies below 10° cycles/sec. for 
producing relatively inteuse ultrasonic waves in gases. These ultrasonic sources rep- 
resent simple extensions of similar devices used in the sonic range. In the majority 
of cases, the chemist is more concerned with the generation of intense ultrasonic 
waves in liquids rather than gases. ‘The transfer of acoustical energy from 4 gaa to a 
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liquid or solid is usually very small. A modified ultrasonic whistle (5), however, has 
been developed for use in liquids and is represented functionally in Figure {. The 
impingement of the liquid stream from the restricted orifice with the sharp edge of the 
resonator produces a vibration of the resonator at its natural resonance frequency if the 
flow conditions are proper. Such whistles offer interesting possibilities for industrial 
processing, but they are not as well suited to laboratory work as the piston-type 
ultrasonic sources which are easier to control. 

Two effects have proved particularly significant in terms of piston-like ultrasonic 
sources: the magnetostriction effect and the inverse piezoelectric effect. The 
magnelosiriction effect as used for acoustical purposes involves the periodic expansion 
and contraction of a bar of metal such as nickel when placed in a magnetic field with 
an alternating magnetic component, The maximum vibration amplitudes are ob- 
tained when the frequency of the alternating component corresponds to a longitudinal 
resonance mode of the metal bar, Acoustical energy is propagated from the end of the 


Resonator 





Fig. 1. Flow-type transducer for liquids (4,5). 


metal bar into any medium in contact with it. One experimental arrangement em- 
ploying this effect is shown in Figure 2. The ultrasonic waves are transmitted to the 
liquid through the metal diaphragm which is connected to one end of the nickel bar. 
Direct current with a superimposed alternating component is passed through the coil 
surrounding the bar. 

Ultrasonic sources or transducers based on the inverse piezoelectric effect have 
found the most extensive use in both laboratory and industrial applications as of date. 
Single crystals of materials with anisotropic crystalline properties will expand or con- 
tract in an electric field, depending on the orientation of the electric field vector with 
respect to the crystal axes, If an a.c. electric field is involved, the single crystal will 
periodically expand and contract; hence, acoustical energy will be propagated into 
the surrounding medium. While the piezoelectric-type transducers have been used 
for generating ultrasonic waves in gases, the available intensities are low because of 
the relatively poor transfer of acoustical energy from the vibrating solid to the gas. 

Figure 3 is a functional diagram of a piezoelectric ultrasonic source for work with 
liguids. o-Quartz is used in most cages for high acoustical intensities because of its 
relatively good mechanical properties. The most common geometric shape is a flat 
circular disk or plate with a diameter between land 3in. The thickness is determined 
by the frequency of the ultrasonic waves to be generated. The quartz plate must be 
driven electrically at a frequency corresponding to a thickness resonance mode if 
appreciable intensities are to be obtained, The electric field is applied by means of 
two conducting metal surfaces on the flat surfaces of the quartz plate. A radio- 
frequency generator is used as the source of the a.c. potential differences which are 
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developed between these two metal surfaces. In most instances an air space is used 
on one side of the quartz transducer in order to have virtually all of the acoustical 
cuergy propagated in one direction into the liquid. 

Although quartz transducers are important in laboratory investigations involving 
ultrasonic wayes, they are of limited significance in large-scale operations because of 
the relatively high cost and scarcity of large single crystals of e-quartz, See Vol. 12, 
p. 3381. In addition, there are serious restrictions in the geometric shapes that can be 
used, and the high a.c. voltages required to drive the quartz transducers often result 
in an electrical insulation problem. 
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Fig. 2. Magnetostriction ultrasonic source. Fig. 3. Piezoelectric transducer. 


In 1948, the ferroelectric material (2) harium titanate, BaTiO; (see 7'ttanium 
compounds), became commercially available in a variety of forms suitable for the 
generation of ultrasonic waves. This material can be molded into any shape desired 
and fired in a furnace with suitable metal electrodes on the proper surfaces. Inas- 
much as barium titanate is a ferroelectric, it can be subsequently polarized through 
relatively simple electrical and thermal procedures. Despite its polyerystallinc 
nature, the polarized material can then be used for the production of ultrasonic waves 
in much the same way as the single crystal of a-quartz. The advantages of the barium 
titanate ceramic transducers are the lower cost, the much lower a.c. voltages required 
to drive them, and the diversified shapes in which they can be produced. With a 
bowl-type transducer, the ultrasonic waves converge at the center of curvature to 
provide a very high intensity at the focus. One hundred-fold increments or more in 
intensity are possible with this focusing action, With a cylindrical transducer a line 
focus is obtained, The inside and the outside surfaces of the cylindrical transducer 
are covered with conducting silver paint which serves as the electrode. This type of 
transducer can be installed in a pipeline and is particularly convenient for continuous 
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ultrasonic processing. When large barium titanate transducers are desired, a mosaic 
consisting of a number of small hexagonal pieces of the ceramic can be cemented to- 
gether. This technique can be used to line the bottom of a tank or to form a very 
large concave transducer as shown in Figure 4. Electrical contact is made to each of 
the hexagonal elements through wires soldered to the top silver coverings and through 
the perforated metal plate upon which they are placed. The use of barium titanate 
ceramic in ultrasonic transducers represents an important development with respect to 
laboratory as well as industrial applicatious for ultrasonic waves. 

The magnetostriction effect and the piezoelectric effects complement each other 
in regard to their use in acoustical transducers. The magnetostriction effect is used 
primarily for frequencies from 104 to 10° cycles/see. At frequencies above 10° cycles/ 
sec., the dimensions of the metal bars become prohibitively short and eddy current 





Courtesy Brush Electronics Campany 


Fig. 4. Mosaic of hexagonal pieces of barium titanate (2). 


losses are excessive even with laminated construction, The piezoelectric effect is used 
ordinarily for producing intense ultrasonic waves at frequencies above 10° cycles/sec. 
because the thickness of the elements becomes exeessive below these frequencies, 
Cylindrical transducers of barium titanate, however, have been used to produce 
intense sound waves at frequencies well below 10° cycles/sec. Although quartz trans- 
ducers have been used to produce ultrasonic waves at frequencies approaching 10° 
eycles/sec., it is difficult: to obtain any appreciable intensity above 107 cycles/sec. 


Physical Characteristics of Intense Ultrasonic Waves (1,8,11) 


First-Order Characteristics. The propagation of acoustical waves through a 
medium involves periodic fluctuations in pressure, displacement, velocity, and acceler- 
ation of the particles constituting the medium. To a first-order approximation, these 
variations can be described by sine curves. On this basis, the amplitudes of these 
variations are listed in Table T for ultrasonic waves in water at a frequency of 108 
eycles/sec. and an intensity of 1000 watts/sq.cm. which represents the highest gener- 
ally available at present. Acoustical intensity represents the energy transmitted per 
unit time through a unit cross section perpendicular to the direction of propagation. 
The units are usually watts/sq.cm. Also in Table I for purposes of comparison are 
listed the corresponding quantities for air-borne sound at a frequency of 1000 cycles/ 
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sec. and an intensity of 10-* watt/sq.cem. The latter is substantially the highest 
sonic intensity encountered in everyday experience. The differences in the values for 
the various amplitudes iu air and water in Table I not only reflect the differences in 
the frequencies, but also differences in the intensities and the acoustical impedances 
(velocity times density) of the mediums. For a given intensity, the displacement am- 
plitude is inversely proportional to the frequency. The velocity and the pressure 
amplitudes are independent of the frequency, although dependent on the acoustical 
impedance of the medium. For a given frequency, the intensity is proportional to the 
square of any of the amplitudes. The far greater acceleration amplitude in compati- 
son with the displacement amplitude for the ultrasottic waves supports the concept 
that ultrasonic waves represent virtually all acceleration and no motion. The maxi- 
mum acceleration with these ultrasonic waves is equivalent to two million times that 
of gravity. Such accelerations prompt the question as to whether they are sufficient 
to rupture chemical bonds under favorable conditions such as in large polymer mole- 
cules. Unfortunately both experimental and theoretical evidence appear to indicate 
that these accelerations are insufficient insofar as ordinary chemical bonds are con- 
cerned. Relatively weak hydrogen bonds, however, can be disturbed as a conse- 
quence of these accelerations. 


TABLE I. Comparison of First-Order Properties of Sonic and Ultrasonic Waves. 








Properties Soni¢ in air Ultrasonic in water 
Trequency 1 ke./see. 1000 ke. /sec. 
Medium Air Water 
Wave length 30 cm. 0.15 cm. 
Intensity 1074 watt/sq.em. 103 watts/sq.em. 
Displacement amplitude 1X 10 em. 6 & 10-5 om. 
Velocity amplitude 7 em./see. 4X 10? cm, /sec. 
Acceleration amplitude + X 10! em, /sec.? 2 X 10° om. /sec.? 
Pressure amplitude 3 X 102 dyne/sq.cm. or 6 X 10° dynes/sq.cm. 

3X 10-4 atm. or 60 atm. 








Although the pressure amplitude is surprisingly large (60 atm.), it does not pose 
any problem, provided the liquid is at a high static pressure. If ultrasonic waves at 
these intensities are introduced into a liquid at a static pressure of 1 atm., the question 
arises as to how the amplitude of the pressure variation may he 60 atm. When the 
liquid is free of suspended particles and dissolved permanent gases, tensions may 
actually oceur in the liquid without the rupture of the liquid. Evidence is available 
from other studies that tensions of the order of 200 atm. or more may be developed in 
many liquids. In almost all cases, however, suspended particles such as dust particles 
and dissolved gas molecules serve as the nucleation centers for the rupture of the liquid. 
The latter is referred to as cavitation. When cavitation oceurs, the sine curve is not 
even a crude approximation for the periodic variations associated with the acoustical 
Waves, 

The wave length of an acoustical wave is inversely. proportional to the frequency; 
hence, ultrasonic waves have much shorter wave lengths than ordinary sound in the 
same medium. As a result, ultrasonic waves are more directional and more readily 
focused. 

Secondary Characteristics (1,8,11). The secondary characteristics of ultrasonic 
waves for the most part are associated wilh deviations from sine-wave behavior in the 
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case of acoustical waves of finite amplitude. Typical of these secondary character- 
istics are cavilation phenomena, radiation pressure effects, aud thermal effecis. Cavita- 
tion is particularly important because many of the interesting physical and chemical 
effects of intense ultrasonic waves are directly associated with cavitation. The nu- 
cleation process required for the rupture of the liquid is not well understood at present. 
Apparently both suspended particles and dissolved gases are involved. Once the rup- 
ture oceurs, however, the vapor of the liquid as well as dissolved gases in the liquid fill 
the cavitation bubble. As the pressure again builds up in the liquid surrounding the 
bubble during the compressional part of the cycle, the cavitation bubble at least 
partially collapses. The permanent gases that enter the bubble during the rarifica- 
tion part of the pressure cycle, however, do not 
completely redissolve during the compression, 
at least on a statistical basis. In the early 
stages, the cavitation bubbles are usually very 
small, With each cycle, more of the dissolved 
gases within the liquid enter the bubbles, and 
the cavitation bubbles increase until some criti- 
cal size is reached, that is, until the radial reso- 
nance frequency corresponds to the frequency 
of the ultrasonic waves. 

During the early stages when the cavita- 
tion bubbles contain primarily vapor and rel- 
atively little permanent gases, the partial col- 
lapse of the cavitation bubbles during the com- 
pressional part of the pressure cycle results in 
high instantaneous pressures within the bubble 
because of the inertia or momentum of the 
liquid. These instantaneous - pressures are 
much higher than the pressure amplitudes re- 
ferred to earlier and may be of the order of 10° 

Fig. 6. Oil fountain produced by in- atm. Such pressure changes in the collapsing 
tense ultrasonic waves from a concave cavitation bubbles are at least partially adia- 
barium titanate transducer. batic, since the time periods may be of the order 

of microseconds or less. Asa result, very high 
instautaneous temperatures may be realized within the cavitation bubbles. High in- 
stantaneous pressures of the order of 104 atm. may occur within a cavitation bubble 
when the bubble reaches a size such that its characteristic resonance frequency cor- 
responds to the frequency of the ultrasonic waves. Large temperature rises are also 
associated with this resonance phenomenon. In both cases large local stresses occur 
in the liquid surrounding the cavitation bubbles. 

Tn addition to the periodic properties associated with acoustical waves, there is a 
directional momentum, which manifests itself as a radiation pressure when the acous- 
tical waves impinge on a phase boundary, or as a directional flow of the fluid in which 
the acoustical waves are absorbed. Radiation pressure and directional flow effects 
are very small with ordinary air-borne sound because of the low intensities. With the 
high intensities often encountered in work with ultrasonic waves, these effects become 
quite large. Figure 5 indieates the extent of these effects in terms of the fountain 
which forms when ultrasonic waves at a frequency of 600 ke./sec, from a concave 
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barium titanate transducer converge at the surface of the oil in the vessel. The 
radiation pressure is independent of the frequency and is directly proportional to the 
intensity. Acoustical intensities can be measured through the determination of 
radiation pressure. 

If acoustical waves are absorbed in a medium, appreciable heating may occur. 
The absorption coefficient in most cases increases as the square of the frequency; 
hence, the thermal effects are much more pronounced with ultrasonic waves. In a 
liquid the progressive temperature rises within the liquid as a result of absorption 
should be distinguished from the large instantaneous temperature rises obtained within 
cavitation bubbles. The latter represent an unusual condition, since they are periodic 
aud are realized for only very short periods of time, for example, fractions of micro- 
seconds. The progressive heating effects occur gradually and are usually undesirable. 
Adequate precautions ordinarily must be taken to cool any system that is being proc- 
essed with high-intensity ultrasonic waves, particularly if the viscosity of the me- 
dium is high. One instance where these progressive heating effects have proved 
desirable is in therapeutic applications in which ultrasonic waves are used to produce 
heat within limited regions of the human body. 


Applications in Chemistry 


In addition to application in sonar and flaw detectors, there are applications of 
ultrasonic waves in chemistry which may be divided into three classifications: sono- 
chemistry, the physical changes produced by ultrasonic waves, and the measurement 
of physical and chemical properties with ultrasonic waves. The term sonochemistry 
refers to the promoting of chemical reactions with ultrasonic waves and is somewhat 
analogous to the term photochemistry. Each classification will be discussed sepa- 
rately. 

Sonochemistry (1,10a,12). Sonochemical reactions are dependent upon the 
formation of cavitation bubbles and are not observed in the absence of cavitation. 
The extreme conditions that exist within cavitation bubbles at various stages are 
sufficient te produce chemical activation of the various gases and vapors within the 
cavitation bubbles. This activation may be the result of the adiabatie temperature 
rises (see p. 412) or some electrification phenomenon associated with the formation of a 
nascent surface within the liquid. The specific mechanism has not been established 
definitely at present; both may be operative to some extent. It is interesting to note 
that sonoliuminescence has been observed in liquids during ultrasonically produced 
cavitation. 

Three of the most studied sonochemical reactions are the formation of hydrogen 
peroxide in water containing dissolved molecular oxygen, the formation of nitrous 
and nitric acids in water containing dissolved molecular nitrogen, and the formation 
of chlorine gas from carbon tetrachloride in water containing a dissolved inert gas. 
The details of these reactions have not been established despite considerable experi- 
mental work. In each case the active chemical intermediate is produced within the 
cavitation bubble. The threshold for cavitation in aqueous solutions containing clis- 
solved gases may be as low as 0.03 watt/sq.cm, under ordinary conditions; hence, this 
is probably the threshold for sonochemical effects although appreciable rates of re- 
action are usually encountered only above 1 watt/sq.eom. Sonochemical reactions 
proeced slowly and are very inefficient, with respect to the utilization of acoustical 
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energy. At the most only a few milliequivalents of reaction generally occur per 100 
watt-hours of acoustical energy. Nevertheless, there is sufficient chlorine liberated 
from afew drops of carbon tetrachloride 1 water containing a dissolved gas to turn a 
potassium iodide~starch indicator solution blue within a second with moderately 
intense ultrasonic waves (for example, 10 watts/sq.cm.). The efficiency of the sono- 
chemical decomposition of carbon tetrachloride correlates to some extent with the 
specific heat ratio as well as the thermal conductivity of the inert gas (for example, 
the helium-group gases, Oz, He, N2) invelyed in the formation of the cavitation bubbles. 
Gases such as the nitrogen oxides and carbon dioxide which react with the solvent do 
not support the carbon tetrachloride reaction or stmilar sonochemical reactions. 

Although quantitative measurements are not complete over any appreciable 
range of frequencies, these sonochemical reactions do not appear to have any siguifi- 
cant frequency dependence in the range from 10 to 1,000 ke./sec. Cavitation is also 
relatively insensitive to frequency in this range. The rates of most sonochemical 
reactions decrease with increasing tempcrature, probably because of the temperature 
dependence of the cavitation processes, which are substantially rate-determining. 
Any increase in the vapor pressure of the solvent tends to decrease the maximum pres- 
sures that occur within either the collapsing cavitation bubbles or the resonating bub- 
ble. The static pressure in the system also influences the efficiency of sonochemical 
reactions. The yields gencrally pass through a maximum with increasing pressure, as 
would be anticipated on the basis of the dependence of ultrasonically induced cavita- 
tion on the static pressure. The maximum instantaneous pressures developed within 
the collapsing or resonating cavitation bubble should increase with increasing static 
pressure, The rate of formation of cavitation bubbles will decrease rapidly, however, 
after the static pressure increases above a certain value, since the tendency for a ten- 
sion to be developed in the liquid will decrease. 

Other chemical effects that have been reported for ultrasonic waves of appreciable 
intensity are: increases in the rates of reactions, including the hydrolysis of esters 
such as dimethy] sulfate and ethyl acetate; the hydration of acetylene to acetaldehyde; 
the decomposition of nitrogen-containing compounds such as benzoylazide and diazo- 
benzene; the detonation of explosive such as nitrogen triiodide; and the oxidation of 
unsaturated oils. These reactions differ from those cited earlier in that they represent 
eases in which ultrasonic waves increase the rates of reactions that proceed even in the 
absence of ultrasonic waves. Some of these increments may be the result of the pro- 
gressive heating within the systems because of the absorption of acoustical energy, al- 
though most workers have attempted to eliminate this possibility. Ultrasonic waves 
also increase the rates of reactions involving two or more phases by breaking up the con- 
centration gradients at the interfaces (see p. 418), 

Two other interesting sonochemical effects are the use of ultrasonic waves to 
promote polymerization as well as to produce degradation of polymers. Both sonic 
and ultrasonic waves decrease the induction period as well as increase the rate of poly- 
merization by as much as twofold in the emulsion polymerization of styrene with a 
peroxysulfate catalyst. These effects can probably be explained in terms of the vigor- 
ous agitation and dispersive action associated with ultrasonically produced cavitation. 
Free radicals resulting from the extreme conditions within the cavitation bubbles 
may also be significant. 

The degradation of polymers has been studied with molecules including poly- 
styrene, nitrocellulose, proteins, rubher, and starch. In each case the polymer, mole- 


ULTRASONICS 415 


cules have been dissolved in a solvent. Degradation is most marked with large molec- 
ular weights, for example, 10°; and should approach a limiting average value which 
represents approximately 34 of the minimun chain length for rupture. According to 
the majority of the published work, ultrasonic degradation depends on cavitation 
and probably results because of the large local shear developed in the liquid in the vicin- 
ity of a resonating or collapsing cavitation bubble. Figure 6 shows the ultrasonic 
depracation of polystyrene dissolved in toluene as a function of time at a frequency of 
400 ke./see, and an intensity of 5 watts/sq.em. As with other sonochemical effects, 
the degradation is not very dependent on frequency, 

Sonochemical reactious are primarily of laboratory interest and are of relatively 
little significance with respect to industrial applications at present. Not only are the 
reactions very inefficient with respect to the acoustical energy involved, but in most 
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Fig. 6. Ultrasonic degradation of polystyrene in toluene (12). 


instances the reactions are not of auseful nature. Possible exeeptions to the latter are 
the degradation of proteis and the ultrasonic aging of alcoholic beverages. 

Production of Physical Changes. The promise of ultrasonic waves with respect 
to applications in the chemical industry is in the physical changes that can be pro- 
duced. Some of the more important physical changes are: the production of colloidal 
suspensions (1,10), the coagulation of suspensions (1,10), agitation effects (18), the 
degassing of liquids (1), and the elfects on erystallization (1). Each will be discussed 
individually. 

Ultrasonic waves can be used to produce fogs as well as suspensions of solids in 
liquids and emulsions. The fogs result whenever moderately intense ultrasonic 
waves are directed toward the surface of a liquid. The probable mechanism respon- 
sible for the fog formation is indicated in Figure 7. Surface vibrations or crispations 
ave excited by the incident ultrasonic waves. As a result of the violence of these sur- 
face vibrations, the tops of the waves may actually break off to give risetoafog. The 
reverse effect shown in Figure 7 also occurs, that is, small bubbles of air or gas are in- 
troduced into the liquid phase. Both effects may occur simultaneously. Surface 
vibrations and the mechanism represented in Figure 7 may also play an important part 


416 ULTRASONICS 


in the formation of emulsions, such as mercury in waler, which appear to proceed cven 
in the absence of cavitation. The formation of most. emulsions (for example, oil in 
water) as well as the production of suspensions of solids in liquids, however, has heen 
found to be contingent on ultrasonically induced cavitation. The local stresses and 
violent disturbances that occur in the liquid in the vicinity of a resonating and/or 
collapsing cavitation bubble appear sufficient to produce these dispersions. 

The formation of emulsions with ultrasonic waves proceeds sufficiently readily to 
offer industrial possibilities. Unfortunately, quantitative information is not available 
as to the efficiency of ultrasonic emulsification under various acoustical conditions. 
Electromagnetic sonic generators of 2-kw. output, however, have been used to homoge- 
nize milk at the rate of 250 gal./hr, The suspension of solids in liquids can also he 
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Fig. 7. Surface vibrations at a gas-liquid interface in the presence of acoustical waves (12). 


accomplished without too much difficulty if the high intensities of a focused ultra- 
sonic source are available, particularly if the solid has been reduced to reasonably 
small particles before ultrasonic treatment, As in the case of other methods for pre- 
paring colloidal suspensions, some form of protection for the ultrasonically produced 
suspensions is usually necessary to ensure stability, since particle size is not the only 
factor. It is interesting to note that colloidal suspensions of metals in water can be 
produced by electrodepositing these metals in the presence of intense ultrasonic waves. 
The metal is not deposited on the cathode, but a colloidal suspension results. 

At the same time that ultrasonic waves promote the formation of suspensions, 
there is an opposite tendency for an increased rate of coagulation. In the presence of 
cavitation, the dispersing action predominates in liquids. With relatively low acous- 
tical intensities, the increased probability of collisions may produce an increase in the 
coagulation rate in systems which are unstable because of the lack of adequate pro- 
tection for the particles. This increment is usually not more than two- or threefold, a 
factor that normally does not warrant the additional expense of the ultrasonic equip- 
ment. Even so, these increments in coagulation rates for particles suspended in 
liquids are larger than expected in terms of simple theoretical considerations. The 
latter are based on the fact that the differences in displacement amplitude as well as 
phase will occur between the various colloidal particles hecause of mass differences, the 


ULTRASONICS 417 


lighter particles being displaced more than the heavy particles, The discrepancies 
between experimental results and predictions based on phase and amplitude differences 
in particle motion can dt least in part be accounted for in terms of the second-order 
forces which cause macroscopic particles in the liquid to come together as if attracted 
to each other. 

In the case of aerosols, acoustical waves are much more effective in promoting 
coagulation, The optimum frequency for producing coagulation through collision 
can be calculated for a given particle-size distribution on the basis of the amplitude 
and phase differences for particles of various sizes. In most instances this optimum 
frequency is sonic and often in the range 1,000—4,000 cycles/sec. 
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Fig. 8. Sonic precipitator for sulfurie acid mists (7). 


The experimental coagulation rates are reasonable in terms of theory. The 
frequency of the acoustical waves, however, must be within narrow limits for a given 
particle-size distribution if the coagulation effects are to be pronounced. Further- 
more, as the particles become larger during sonically induced agglomeration, the par- 
ticle-size distribution shifts and the sound waves become relatively inefficient, Sonic 
techniques have been used for smoke precipitation. Figure 8 is a diagram (7) of a 
precipitator designed for sulfuric acid mists with a capacity of several thousand cubic 
feet. per minute. The performance characteristics (8) for this type of precipitator are 
indicated in Figure 9, Units of comparable.size have also been built for carbon black 
and sulfur fumes (3). The mist enters through the bottom and is subjected to the 
standing wave field from a siren operating at a frequency in the range 1,000-4,000 
cycles/sec. and driven by a 10-hp. compressor. , The mist particles increase to a size 
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of the order of 1074 em. in the sound field and are then removed with a cyclone-type 
precipitator as shown in the diagram. Water droplets are sprayed into the sound 
field in some cases in order to minimize the marked decrease in efficiency associated 
with changes ju the particle-size distribution in the mist entering the precipitator. 
Although the initial cost for a sonic-type precipitator may be less than for an electro- 
static precipitator, the operating costs are prohably higher and the engineering prob- 
lems more extensive. ‘he soni¢ precipitator, however, may offer special advantages 
with particles that do not readily take on a charge, for example, molybdenum sulfide, 
and cases where there are possibilities of dust explosions, See also Vol. 7, p. 100. 
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Fig. 9. Performance characteristics of a sonic precipitator (3). 


Many physical and chemical processes involving two or more phases are limited 
by the concentration gradients that develop at the phase boundaries. For a liquid 
phase, ordinary mechanical agitation can be used to reduce the effective thickness of 
the concentration gradients to approximately 10-? em. but not much below this value 
because of the limitations normally involved in boundary layer problems. Ultra- 
sonic waves at intensities sufficient to produce cavitation are capable of reducing the 
effective thiekness of such concentration gradients in the liquid phase to values of the 
order of 10-4 em, and possibly less. Much of this action is associated with the micro 
agitation in the liquid phase adjacent to any bubbles that are formed iu the ultra- 
sonic field through cavitation or otherwise. Such agitation effects result because of 
the vibrations or oscillations of the bubbles, as well as the high-velocity directional 
streaming of the hquid near bubbles in the sound field. In processes involving two 
fluid phases, surface vibrations of the type shown in Figure 7 are also important in 
reducing concentration gradients. Relatively low acoustical intensities are needed 
for the effective disruption of concentration gradients; hence, ultrasonic waves can 
be used to reduce such gradients without damaging solid surfaces through cavitation 
or producing any appreciable sonochemical changes. Increases in the rates of hetero- 
geneous chemical reactions resulting from the disruption of concentration gradients 
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with ultrasonic waves are not classified as sonochemical effects since the mechanism is 
entirely physical and not chemical. Ultrasonic waves have been reported to produce 
considerable increments in the rates of heterogeneous processes in the following proe- 
esses: dialysis, extraction, solution of solids in liquids, dyeing of fabrics, tanning of 
leather, pickling of metals, aud electrodeposition of metals. The micro agitation as- 
sociated with cavitation is now used on a commercial basis for the degreasing and 
cleaning of metal surfaces in chlorohydrocarbons. Ultrasonic waves are capable of 
cleaning metal parts with very irregular contours to an extent unattainable by other 
methods. 

During ultrasonically produced cavitation in liquids, the dissolved permanent 
gases tend to come out of solution in small bubbles. This degassing effect is 
particularly rapid if the pressure above the liquid is reduced to some extent. Not 
only does this reduce the tendency for the gas to go back into solution, but also the 
growth of the bubbles in the ultrasonic ficld is more rapid. Degassing of liquids with 
reduced pressure in the absence of sound waves is a slow process because the diffusion 
of the dissolved gas molecules to the surface of the liquid proceeds at a very limited 
rate and the iucleation processes involved in the formation of gas bubbles within the 
liquid are also statistically slow unless the liquid is boiling. Ultrasonic waves increase 
the probability of nucleation because of the tendency for a tension to be developed in 
the liquid even at relatively low acoustical intensities; for example, the pressure ampli- 
tude is already 1 atm. for an acoustical intensity of 0.8 watt/sq.cm. in water. Surface 
vibrations, either at the upper surface of the liquid or at the surface of any bubble 
that may already have formed, also have been shown to give rise to tremendous 
numbers of additional gas bubbles which in turn promote the degassing of the liquid 
since nucleation is no longer a problem. 

Ultrasonic waves seem promising as 4 means for degassing liquids such as molten 
metals and glasses with which it is difficult to use conventional techniques such as 
boiling. Ultrasonic degassing equipment is reported to have been built in Europe 
which is capable of degassing as much as 10,000 gallons of transformer oil per hour 
with 500 watts of electrical energy supplied to the barium titanate transducer. The 
unit operates at a reduced pressure to expedite the removal of the dissolved gases, 

Ultrasonic waves promote the crystallization of materials such as sugar, whose 
solutions normally tend to supercool. The probability of nucleation is apparently 
inereased appreciably with the propagation of the ultrasonic waves through the me- 
dium. Unfortunately there are insufficient experimental rcsults available upon which 
to base any interpretation. The effect is reported to be in use on &@ commercial basis, 
however, for controlling crystallization with specialized organie compounds, 

In addition to the physical effects described above, ultrasonic waves are used in 
the soldering of aluminum to remove the oxide layer through cavitation. Transverse 
ultrasonic waves are effective in cold-welding metals. Reciprocating drills operating 
at ultrasonic frequencies are also in use for drilling holes of irregular contour. 

Measurement of Physical and Chemical Properties (1,6,8,11,13). The majority 
of the physical measurements with ultrasonic waves have involved the determinaton 
of the velocity and absorption of the acoustical waves. From such measurements jt is 
possible to obtain information of both a, macro and micro nature concerning the system. 
Typical of macro measurements are compressibility and viscosity and examples of 
micro measurements include information concerning the partitioning of energy within 
molecules and the study ot the solvation of ions in solution. 
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Velocity measurements in gases and liquids are usually made with either an ultra- 
sonic interferometer or pulse techniques. In the case of solids most of the ultrasonic 
velocity measurements have also been obtained with pulse techniques. With the 
acoustical interferometer, a standing wave is established within the fluid by means of 
a reflector and the velocity calculated from the wave length and the frequency. The 
wave length is usually determined by noting the variations in the alternating current 
through the piezoelectric transducer as the position of the acoustical reflector is varied. 
With the pulse technique the time required for the propagation of a short pulse con- 
sisting of a limited number of cycles of ultrasonic waves is determined by methods 
similar to those associated with radar. Under favorable conditions both methods are 
capable of accuracies of the order of -&0.1% for the velocity of ultrasonic waves. 
Velocity measurements are generally not frequency-dependent. 

The adiabatic compressibility, 6s, and the isothermal compressibility, By, are re- 
lated to the acoustical velocity, c, by the equations: 


Bs = Br/y = 1/pe? (1) 


where p is the density and - the ratio of the specific heats. Hence, the compressibility 
of the medium through which the ultrasonic waves are being transmitted can be deter- 
mined readily from velocity measurements. In the case of gases, the isothermal vom- 
pressibility can be computed from the equation of state and the specific heat ratio 
calculated from equation (1). Compressibility data have proved significant in terms 
of both inter- and intramolecular structure. Typical applications include the cor- 
relation of molal compressibilities and ultrasonic velocities with molecular volume, the 
measurement of ionic hydration, and the study of the changes in the structure of liquids 
prodneed by high pressures and temperatures. 

Ultrasonic velocity measurements are also used to determine the elastic constants 
of solids. The acoustical velocities are related to the elastie constants for isotropic 
solids by the equation: 


4 /e 
On = eee (2) 
p 
for longitudinal waves and: 
c, = [n/p]? (3) 


for transverse waves with c; and ¢, representing the longitudinal and transverse veloc- 
ities, respectively, # the volume elasticity, and » the shear modulus. 

The most direct methods for the measurements of ultrasonic absorption are based 
on the determination of the decrease in the amplitude of the ultrasonic waves after 
propagation through a known distance. Pulse techniques are used often since this 
eliminates some of the experimental problems associated with extraneous reflected 
waves from the walls of the container and affords an opportunity to measure velocity 
and absorption simultaneously. Absorption measurements in fluids can also be com- 
bined with velocity measurements with the acoustical interferometer. Both the pulse 
techniques and the interferometer are generally inadequate for absorption measure- 
ments in liquids at frequencies below 10° cycles/sec, because of the complications as- 
sociated with diffraction effects in the acoustical field as well as the small value for 
the absorption. At relatively low ultrasonic frequencies, reverberation techniques 
have been used for the determination of adsorption coefficients in liquids. A pulse- 
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train of ultrasonic waves is introduced into a spherical or cylindrical vessel containing 
the liquid under investigation. The rate at which the amplitude of the ultrasonic 
waves decay is measured and the absorption coefficient calculated. 


The absorption coefficient, a, for the acoustical amplitude is defined by the equa- 
tion: 


A= Ape 7 et (4) 


where A represents the amplitude of the acoustical waves at a given point aud A the 
amplitude after the acoustical waves have been transmitted through a distance x 
through the medium. The coefficient consists of two components: a viscous com- 
ponent and a thermal component. The viscous component is associated with fric- 
tional effects within the medium, while the thermal component arises because the com- 
pressions and rarifactions are not completely adiabatic. The former is the predomi- 
nant component in acoustical absorption in most liquids, while the latter is the 
predominant component in gases. According to the classical treatments of absorption 
in terms of both contributing factors, the coefficient a should be directly proportional to 
the square of the frequency. In practice, departures are often encountered in liquids 
as well asin gases. In such cases, the absorption coefficient is abnormally high over a 
given range of frequencies. Thermal as well as structural relaxation effects are usually 
the explanation. Absorption studies in polyatomic gases provide information con- 
cerning the partitioning of energy among translational and internal degrees of freedom. 
The structural and relaxation effects responsible for the abnormal absorption in 
liquids, particularly solutions, are not completely understood, and in many instances 
not even identified. Structural relaxation effects have heen identified in liquids con- 
taining long chain molecules, such as the polyisobutylenes, and also in the substituted 
eyclohexanes where the abnormal absorption has been correlated with the interaction of 
the ultrasonic waves with the equilibrium between the chair forms. Absorption meas- 
urements have also been used to study the kinetics of very fast reactions with half 
lives of 10~4 sec. or less. 

The absorption and scattering of ultrasonic waves have been used for such prac- 
tical applications as following the setting of cement, determining the consistency of 
wood pulp, and checking the characteristics of rubber. 

Ultrasonic equipment is available commercially for the measurement of the vis- 
cosity of Newtonian liquids (see Viscometry). With non-Newtonian liquids, an effec- 
tive value is obtained. The ultrasonic viscometers measure the damping effect. that 
the liquid has on a small vibrating bar. The electrical equipment can be calibrated 
to read directly the product of the viscosity and density. The advantages associated 
with ultrasonic viscometers are that measurements are made continuously and that 
only a few cubic centimeters of sample are required, 


Bibliography 


(1) Bergmann, L., Der Ultraschall und seine Anwendung in Wissenschaft und Technik, 6th ed., 8. 
Hirzel Verlag, Stuttgart, 1954 (5160 references), 

(2) Butterworth, J. W., Chem, Hing. Progress Symposium Series, 47, No. 1, 69-76 (1951). 

(3) Danser, H, W., Chem. Eng., 57, No. 5, 158-60 (1950). 

(4) Hiedeman, Ji. A., Chem. Eng. Progress Symposium Series, 47, No. 1, 51-56 (1951). 

(Ja) Hueter, T. i, and Bolt, R. H., Sonics: Techniques for Industrial Uses of Sound and Ultrasound, 
Wiley, N. Y., 1955. , 

(5) Janovski, W., and Pohlman, R., Z. angew, Physik, 1, 222 (1948). - 

(6) Markham, J., Beyer, R., and Lindsay, R., Rev. Mod. Phys., 28, 868-411 (1951). 

(7) Nord, M., Chem, Eng., 57, No. 10, 116-19 (1950). . 


£22 UNIT OPERATIONS AND UNIT PROCESSES 


(8) Richardson, E. G., Ulérasonie Physics, Elsevier, N.Y., 1952. 
(9) Samsel, BR. W., Chem. Eng. Progress Synposium Series, 47, No, 1, 77-84 ( 1951). 
(10) Sollner, KX., “Sonic and Ultrasonic Waves in Colloid Chemistry,” in Alexander, Collatd Chem- 
istry-—Theorelical and Applied, Reinhold, N.Y., 1944, Vol. V, pp. 337-73. 
(10a) Uglietti, G. A., Gli Ulrasvoni, Ulrico Hoepli, Milan, 1952. 
(11) Vigoureux, P., Ultrasonics, Wiley, N.Y., 1951. 
(12) Weissler, A., J. Acoust. Soc, Am., 25, 268-04 (1953). 
(12a) Willard, G., paper presented at the National Meeting of the AcousLical Soc. of America, New 
York, June 1954, 
(13) Yeager, Ii., and Hovorka, I’, J. Acoust. Soc. Am., 25, 443-55 (1953). 


Tepngesr YEAGER AND Frank Hovorka 


UMBER. See Piginenis (inerganic), Vol. 10, p. 637. 
y-UNDECALACTONE, CH3(CH,) «CH.CHy.CHy.CO.O. See Perfumes (synthetic and 
Le 


isolates), Vol. 10, pp. 26, 32. 
n-UNDECANE, CH;(CHy)yCH;. Sce Hydrocarbons, Vol. 7, p. 60. 


n-UNDECYL ALCOHOL, CH;(CH.)sCH,OH; »-UNDECYLENYL ALCOHOL, CHL,:- 
CH(CH.)sCH,OH. Sce Perfumes (synthetics and isolates), Vol. 10, pp. 17, 28. 


n-~UNDECYL ALDEHYDE, CH;(CH.),CHO; »-UNDECYLENYL ALDEHYDE, CH;:- 
CH(CH,)sCHO. See Perfumes (synthetics and isolates), Vol. 10, pp. 20, 29. 

10-UNDECYLENIC ACID, 10-UNDECENOIC ACID, CH,:CH(CH.);COOH. Sce 
Fatty acids, Vol. 6, pp. 175, 266. 

n-UNDECYLIC ACID, UNDECANOIC ACID, CH;(CHL)yCOOH. See Fatty acids 
Vol. 6, pp. 174, 250. 

UNIONS. See Pipes and valves, Vol. 10, p. 721. 


UNIT OPERATIONS AND UNIT PROCESSES 


From an overall viewpoint, manufacturing in the chemical industry can be resolved 
into a coordinated sequence of unit operations and unit processes. The unit operations 
refer to the physical changes such as absorption, adsorption, drying, fluid mechanics 
(fluid flow), heat transfer, evaporation, distillation, extraction, crystallization, mixing 
and agitating, and size conditioning. The wnt processes pertain to the chemical 
changes. such as alkylation, amination by reduction, ammonolysis, halogenation, 
hydrogenation, hydrolysis, ion exchange, nitration, oxidation, and sulfonation. No 
distinction is made in the chemical changes between whether they are in the field of 
" inorganic or organic chemistry. 

‘Chemical engineering grew out of chemistry as electrical engineering had similarly 
earlier grown out of physics. There were, however, a number of new and distinet 
concepts which were never a part of chemistry. These were largely the physical 
changes or unit operations. Although these were not so named until very much later, 
the first written description of these unit physical changes was embodied in the book 
hy Davis (2), who gave a series of lectures in the Manchester Technical School in 
ingland in 1887. However, the matter rested in England with the publication of 
this book and was not pursued further at that time. 

In 1903 William H. Walker went to the Massachusetts Institute of Technology 
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as Professor of Chemical Engineering and conceived the breaking down of the physical 
changes employed in what at that time was called industrial chemistry into units 
such as filtration, centrifugation, and heat transfer. Dr. Arthur D. Little, who had 
been in a consulting partnership with Dr. Walker, suggested the name unit operations 
in 1915. The initial development of this concept was carried through by a group of 
professors at the Massachusetts Institute of Technology, and Icd to the publication, in 
1923, of Prinerples of Chemical Engineering, by W. H. Walker, W. KX. Lewis, and W. H. 
McAdams. This was revised in 1937 with Gilliland as the fourth author (9), The 
newest summary in book form of the vast amount of work done on unit operations is in 
reference (1). Most of the unit operations are reviewed annually in the January number 
of Industrial and Engineering Chemistry. 

After seeing the success of the unitary study of physical change, many chemical 
engineers started to place greater emphasis on the unitary features of chemical change, 
especially on those aspects which would affect chemical economics. In 1928 Groggins 
used the earliest recorded association of the term unzt processcs with the field of chemi- 
cal activity (4). In the fall of 1930, in the Chemical Engincering School of Purdue 
University, R. Norris Shreve started giving courses classified by the chemical change. 
‘The unit process classification was further formalized by the book edited by Groggins 
(3), with the first edition published in 1934. Keyesin 1934 stated: ‘Up to the present 
most stress has been laid on the chemical engineering unit operations which consist 
entirely of physical transformations such as distillation, evaporation, crushing, grind- 
ing, filtration, ete. Recently, I have called attention to the chemical engineering 
unit processes which involve changes in chemical composition, for example, oxidation, 
reduction, hydrolysis, and esterification. Little is known, at the present time, about 
the fundamental principles of unit processes, whereas considerable has been learned in 
recent years about the less complicated principles of unit operations. This is probably 
the reason that stress has been laid on unit operations rather than the more significant 
‘chemical engineering unit processes’ ’’ (6). 

The Division of Industrial and Engineering Chemistry of the American Chemical 
Society has long fostered papers in this field as the Unit Process Symposia, which are 
now being embodied in a permanent Subdivision on Chemical Processes, with the ex- 
pectation of having this as an annual feature of the fall meeting of the American Chemi- 
cal Society. The literature covering the unit processes is abstracted annually in the 
September number of Indusirial and Engineering Chemistry. 

In both unit operations and unit processes the similarities within any unit opera- 
tion or unit process are separated and studied, thus drawing attention to the like quali- 
ties of a given physical change, as in distillation, or of a given chemical change, as in 
hydrogenation. The emphasis thus placed upon the similarities led to unifying theo- 
ries aud to expression by rules and formulas of these like aspects, and these, in turn, 
led to a clearer understanding of the function, and thus to improved design of the nec- 
essary equipment. This is the scientific and engineering approach. The ultimate 
study by this method of the technical changes culminated in chemical engineering 
formulas and laws for using the classified observations in each unit operation or unit 
process. These formulas and laws are the tools the chemical engineer employs in 
designiug or operating a distillation column or a hydrogenator. 

The result of this study by chemical engineers both in universities and in industry 
has been exceedingly helpful. By the correlation and formulation of data hoth for 
the unit physical operations and the unit chemical processes, engincering calculations 
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can be made in many cases for exact design and performance of many steps in the 
manufacture of chemicals. Jn the unit operations field, the formulation has been 
most successful, particularly in heat transfer, distillation, and fluid flow, although in 
some of the operations, such as crystallization, mixing, and perhaps filtration the re- 
sults are not yet as useful. In the unit process field, chiefly because of the complexity 
of the underlying variables, the formulation has been much less exact and very much 
less extensive. 

To an increasing extent one finds in different chemical plants a factory segrega- 
tion according to the unit processes or operations. A building or a part of the plant 
may be set apart to carry on nitrations, hydrogenatious, alkylations, or fermentations; 
on the other hand, a building may be devoted to distillation or pumping (fluid flow), 
The close relationship occasioned by factory segregation brings together like equipment. 
This segregation and similarity in equipment leads more easily to multiple use of equip- 
meut. The aim of the plant manager is, of course, to employ a given piece of equip- 
ment year in and year out for the same chemical, but frequently markets vary and 
the same piece of equipment may be more economically used at one time for halogena- 
tion of a given chemical and later for halogenation of another raw material. This is 
also true in distillation. One column will be employed year in and year out for the 
same operation, but may be used at one time for alcohol and another time for recti- 
fication of acetone. 

Above anything else, the clussificution and arrangement under the unitary con- 
cept enables the chemical engineer to design anc plan on the basis of group performance. 
In this way basic principles pertaining to an entirely similar group of chemical re- 
actions and of physical changes are emphasized rather than the specific details of 
individual performance. These specific details enter more into a modification of the 
group conditions. Past knowledge with other members of a group helps greatly in 
the handling of the manufacture of a new chemical within this same group and at 
higher conversion and yields with consequent lower costs. 

In classifying and naming these units of the chemical engineer, the tendency has 
been to turn to the more fundamental similarities wherever possible. This has been 
easier to do for the unit operation because conditions are simpler. In the following 
outline, the principal unit operations are arranged under subheadings of energy trans- 
fer and mass transfer. Although some of the unit operations involve both energy 
transfer and mass transfer, the respective unit operation was placed under whichever 
one seemed to be the more important. An attempt has been made to point out in 


this outline that many of these have heen considered the reverse of another unit opera- 
tion. 


Pringipal Unit Operations 





Energy Transfer 
(A) Mechanical energy transfer 
1. Size reduction (crushing and grinding) —agglomeration (flocculating, sintering, pelleting) 
2. Size separation; gravity separation 
(B) Heat energy transfer 
3. Heating—cooling 
4. TEvaporation- -evaporative cooling 
Mass Transfer 
(A) Bulk moss transfer 
5. Transportation of fluids (fluid flow) 
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6. Materials handling (transportation or storage) 
. Classifeation or sedimentation of solids —-fuidization 
8. Flotation 
9. Filtration (fluid flow through porous media) 
10, Centrifugation 
11. Mixing-—separation (sedimentation) 
(B) Molecular mass transfer 
12. Distillation 
13. Extraction or leaching—crystallization 
14. Absorption of gases---desorption 
15. Gas diffusion 
16. Drying—adsorption on solid 


Although the overall fundamentals of unit processes are largely concerned with 
anything that increases the kinetics, conversion or yield, und although these funda- 
mentals pertain to all the unit processes, there is more diversification between the differ- 
ent individual members of this division than is true of the unit operations. Therefore, 
in naming them, it is difficult to have subclassifications, although it may be noted that 
some of the entries in the following list are related to others in various ways, for ex- 
ample, combustion could be considered as a special case of oxidation, and condensa- 
tion m many cases results in polymerization. The Friedel-Crafts reaction is some- 
times listed as a unit process, but since it specifies a particular type of catalyst, rather 
than a type of reaction, it has been omitted in the following list, being subsumed under 
alkylation and condensation. 


Principal Unit Processes 





1, Combustion 15. Hydrolysis and hydration (saponi- 
2, Oxidation fication, alkali fusion) 

3. Neutralization 16. Ilydrogenation, dehydrogenation 
4. Silicate formation and hydrogenolysis 

5. Causticization 17. Alkylation 

6. Double decomposition 18. Condensation 

7. Caleination 19. Polymerization 

8. Dehydration 20, Diazotization and coupling 

4, Nitration 21. Fermentation 

10. Vesterification 22, Pyrolysis or cracking 

11. Reduction 23. Aromatization 

12. Ammonolysis 24, Isomerization 

13. Halogenation 25. Acylation 

14. Sulfonation 26. Hydroformylation (oxo proeess) 


27, Ion exchange 


Both unit operation and unit processes are, of course, important in any chemical 
manufacture, but it may be noted that frequently more money can be saved in the 
manufacture of a given chemical by increasing the conversion and the yield, that is, 
by improving a unit process, than from improvement in a unit operation. This is 
because in the making of chemicals, the raw materials, amounting to between 50 and 
75%, are an important part of the total manufacturing expense. . 

Stress should be placed upon the fact that although these unitary aspects of chemi- 
cal engineering have been of value for research and development as well as design, in 
the actual manufacture of a chemical one does not usually find an isolated case of a 
- unit physical change or a unit chemical change taking place by itself.. In most cases, 
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the chemical change at least is associated with a physical change, for instance, when 
the nitration change takes place with the evolution of heat (heat transfer) under 
agitation (mixing). Indeed, although the object of separation into these units has 
brought forth principles, formulas, aud much progress, actually the tndustrial inte- 
gration of these changes occurs to a marked extent. With the increasing importance 
of continuous rather than batch processing, this integration has become more marked. 
Continuous processing, which was early adopted in the alkali and sulfuric acid in- 
dustries, has become a characteristic of the petroleum industry and is rapidly spreading 
to other large scale chemical manufacturing. 

The eoordination of the unit physical operations and the unit chemical processes of 
an industrial process is expressed in flow sheets (see, for example, Vol. 1, p. 541). 
The changes required to transform the raw materials into chemical products are ar- 
ranged schematically, and this greatly facilitates a clear visualization of the inter- 
relations of the equipment required. 

In conclusion it may be stated that the unitary concept, as applied to both physical 
and chemical changes, has been useful and has emphasizecl the fundamental systems 
and principles rather than the technical details. 
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R. Norris SHREVE 


UNITS AND THEIR SYMBOLS 


Since measurement is fundamental to science, accurate designation of the units of 
measurement is essential. The units most used in scientific work, the world over, are 
based on the centimeter, the gram, the second, and the Centigrade degree. The basic 
standards for the first two of these are the standard meter and the standard kilogram, 
which are kept in Paris. In the English-speaking countries some scientists, and most 
engineers, use the foot-pound-second system, with degrees Fahrenheit. 

There is a tendency to change from the use of particular objects as fundamental 
standards to fundamental physical constants, such as the w wave length of the line at 
5461 A. of mercury-198 as the unit for length. 

This artiele deals with the symbols used to represent the fundamental units, and 
the measurable quantities derived with theiruse. The physical chemist and the chemi- 
cal engineer frequently deal with measurable quantities of great variety and com- 
plexity--work, energy, entropy, concentration, temperature gradient of viscosity. 
The list is long and it grows. To represent all these quantities by univocal 
symbols taxes the resources of two fonts of the Roman and Greek ‘alphabets; 
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indeed, for certain mathematical expressions Hebrew characters have to be pressed into 
service. In the choice of symbols it is highly desirable to have as much systematiza- 
tion as possible, not only to facilitate communication among scientists, but because 
even in one man’s work confusion arises easily unless great care is taken to keep the 
meanings of symbols distinct. Examples of possible confusion are the use of H for 
enthalpy, height, magnetic field intensity, and humidity, and the use of G to designate 
Gibbs free energy in Europe and by chemical engineers in this country, whereas other 
scientists in the U.8. use F for the same thermodynamic magnitude. When this is 
done, then / for the Faraday constant (which often oceurs in the same mathematical 
equation) must be distinguished by a bar over it, or by the use of a Gothic capital 
letter. 

The standardization of symbols of special interest to the chemist and chemical 
engineer has received considerable attention both in this conntry and elsewhere. 
Some of the organizations interested in this kind of work and in the efforts for co- 
operation will be discussed below. The development of agencies which have stand- 
ardization as their sole purpose has helped immeasurably in scientific and industrial 
progress, 

There are a few simple rules for the selection of symbols for units. The American 
Standards Association requires that all primary symbols be single characters with 
subscripts used when distinctions are necessary. Symbols for quantities constituting a 
well-defined class should belong to the same alphabet, font, and case, which should be 
such as to permit modification in accordance with a uniform scheme for the representa- 
tion of any important series of corresponding derived quantities. Avoidance of de- 
parture from the standard practice of mathematicians regarding the use of signs, 
operator symbols, and the like is sought. In standardizing work past custom is widely 
kept in mind. 

It is convenient in many cases to use a symbol having some obvious relation to 
the word for the quantity symbolized, as V orvfor volume, P or pfor pressure. Often, 
however, this leads to individual symbols with more than one meaning, since, for ex- 
ample, V or v is also convenient for velocity. ‘The meaning may be clear from the 
context, but ambiguities must be avoided, and awkward constructions minimized. 
Alternative symbols are needed, and provided. Thus velocity in general can be repre- 
sented by uz. Itis customary to use 7 for absolute temperature (either Kelvin, that is, 
Centigrade units, or Rankine, Fahrenheit units) and ¢ for temperature measured from 
the arbitrary zeros of the Centigrade or Fahrenheit scales; if, then, time is also to be 
represented, the Greek letter r (tau) can be used. 

Symbols of the kind under discussion (if from the Latin alphabet) are usually 
printed in italic letters (designated on the manuscript by a straight underline) and 
there is no period after the symbol. Symbols are not abbreviations in the strict word- 
abbreviation sense. The use of italic letters in printing is helpful both in distinguishing 
symbols or combinations thereof from word abbreviations (now often used without 
following periods) and also in distinguishing the symbols from single-letter words. 

Graphical symbols for diagrams, flow sheets, and the like have been separately 
standardized. A few pamphlets giving this kind of information of intcrest to the chem- 
ical engineer are listed under “Sources of Information” below. 


Organizations 


Many organizations have taken an interest in the standardization of units and 
symbols. Some of these are national and some are international. Within nations, 
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both governmental agencies and civilian groups representing various branches of 
scionee and technology have been more or less active. Tn comparatively recent years 
most. of this kind of work has heen centered in such national organizations as the Amer- 
ivan Standards Association (ASA), founded in 1918 and devoted to (he single purpose 
of standardization, or in its international equivalent, the International Organization 
for Standardization (ISO). 

The American Chemical Society has done, or assisted in, considerable standard- 
izing work relating to such subjects as reagents, analytical methods, atomic weights, 
and chemical nomenclature (the naming of compounds in particular), and it has ap- 
pointed unofficial representatives on ASA standardizing committees, but the Society 
has done only a little direct work on unit and symbol standardization. The Society 
has taken action on its own in certain emergencies, as when microchemistry was rap- 
idly developing. . 

The American Institute of Chemical Engineers has done active work on symbols 
for chemical engineering. Since 1932 it has had a standing committee at work on a 
System of Symbols and Nomenclature of Chemical Engineering, which made a report 
in 1946. The work was done in cooperation with ASA and there is an available pam- 
phlet (ASA Z10.12-1946) entitled “Letter Symbols for Chemical Enginecring” (see p. 
430). Four other engineering societies and the American Association for the Ad- 
vancement of Science were additional sponsoring organizations. This standard is 
under active revision, with publication of the revised list expected soon. In work of 
this sort done primarily by an organization like the American Institute of Chemical 
Engineers in cooperation with ASA, committees both of the initiating organization 
and ASA often have identical membership, as in this case. 

After a joint committee of The Chemical Society, The Faraday Society, and The 
Physical Society in England had in 1937 issued a ‘Report on Symbols for Thermo- 
dynamical and Physicochemical Quantities and Conventions Relating to Their Use’’ 
the Royal Society set up (in 1938) a Standing Committee on Symbols, on which the 
above Societies were represented, to consider from time to time any direction in which 
the 1937 standard list should be revised. A revision appeared in 1951; this is a good 
example of cooperation between chemists and physicists in this kind of work. The 
British Standards Institution, in its functions much like ASA in America, has now used 
this 1951 pamphlet as the basis for a somewhat more comprehensive document to be 
used in British publications in general. It is known as British Standard 1991 (see 
p.431). There is evidence that these standards are being used widely. 

A number of organizations both in the U.S. and abroad could be listed as having 
made efforts for the standardization of units and symbols relating to more or less 
specific fields of interest. The work of the American Association of Physics Teachers 
would serve asanexample. The U.S. National Research Council has had committees. 
Some idea of the results obtained by certain of these groups (results of most current 
interest to American chemists and chemical engineers) can be learned from the lists 
of sourees of information given below. 

Nations usually have goverrmental bureaus or departments devoted to standards, 
Customarily there is close cooperation, or at least no conflict, as far as the work of 
standardization associations and other groups are concerned. As far ag its direct 
interest in units is concerned the U.S. Bureau of Standards is endeavoring to define 
fundamental coustants, such as the units of light, heat, length, and weight, in terms of 
critical constants of nature rather than as related to destructible standards, and as a 
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second concept of a proper activity the Bureau is endeavoring to make more precise 
determinations, and thus to increase the number of significant figures in the deter- 
mined values. 

Incidentally mention is made that governments, as well as standardizing associa- 
tions, with the help of specific industries and industrial organizations, do much work 
in the way of standardizing raw materials, commodities, equipment, testing methods, 
safety measures, and the like, in addition to the kind of standardization primarily 
discussed here. Government and other standard specifications are extremely 
numerous. ASA has a Chemical Industry Advisory Board and a Chemical 
Industry Correlating Committee of relatively recent creation (1949). 

The coordination of national standards rather than the creation of international 
standards has usually been the objective of international standardizing organizations. 
Yundamental units have been standardized on an international basis for the most. 
part. The first International Conference on Weights and Measures was held in Paris 
in 1875 and seventeen of the nineteen attending nations signed a convention for the 
establishment of a permanent International Bureau of Weights and Measures with 
headquarters near Paris, ‘The latest international conference of this general signifi- 
cance was the Second Trieunial Plenary Session of ISO held in New York, N-Y., in 
1952. 

The International Federation of National Standards Associations (founded in 
1926), whose work stopped during World War II (in 1939), was commonly kuown as 
ISA. The new international organization which followed it, namely the International 
Organization for Standardization, is known ag ISO (rather than IOS), apparently to 
change the ISA “symbol” as little as possible. ISO emphasizes that its purpose is the 
coordination of national standards, not the ereation of international standards; this 
approach is said to be essential to progress. ISO has over thirty member countries 
and seventy-seven technical committees are at work, The Dansk Standardiseringsrad, 
Vesterbrogade 1, Copenhagen V, Denmark, has the secretariat for units and symbols; 
it heads up a Technical Committee known as ISO/TC12—Quantities, Units, Symbols, 
Conversion Factors and Conversion Tables. 

Agencies primarily in the standardizing business have the working knowledge, 
organization, and machinery for gaining cooperative agreement and for making the 
results generally available. Accordingly, it has become increasingly realized in scien- 
tifte and technical organizations in this country that it is wise to work with such na- 
tional organizations as ASA and the American Society for Testing Materials (ASTM). 
These organizations, ASA in particular as far as standard units and symbols are con- 
cerned, are doing important, useful work, A common practice is to apply the principle 
of overlapping membership in creating committces of such organizations as ASA and 
ASTM, committee members in sponsoring or cooperating organizatious being made 
members of the committees of the standardizing organization. 

ASA is a federation of more than a hundred technical societies, trade and business 
associations, professional organizations, and consumer groups. Well over two thou- 
sand individual American companies have company memberships. 

The purposes of ASA are to provide systematic means by which organizations 
concerned with standardization can cooperate in establishing American standards, to 
stimulate standardization work, to serve as a clearing house for information on stand- 
ardization, to further the standardization movement as a means of advancing national 
economy and of promoting knowledge and use of approved standards, and to act as the 
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authoritative American channel in international cooperation in standardization work. 
In furtherance of its purposes ASA maintains space for meetings of committces of 
sponsoring organizations, keeps up the Library of Standards, publishes a journal (the 
Magazine of Standards, formerly known as Industrial Standardization), and at a nomi- 
nal charge distribules many printed pamphlets which disclose the results of standard- 
ization work. ‘The ASA Library of Standards maintains a complete set of the stand- 
ards of other countries. 

ASA is a very useful organization to all kinds of groups interested in standardiza- 
tion whether they be industrial, as manufacturers, investigators in science and tech- 
nology, other users of standard information, or consumers of standardized commodities. 

ASTM very closely follows units and symbols recommended by ASA. 

While ISO now plays a leading role in international standardization, mention 
should be made of the fact that there have been Pan-American standardization con- 
ferenees, and other more widely international efforts for standardization have often 
been made. ‘Phe International Union of Pure and Applied Chemistry has 1 Com- 
mission on Physico-Chemical Symbols and the Coordination of Scientific Terminologies. 
It has worked on certain specific units and symbols at times and it has issued a general 
report on these subjects. Although the United Nations Educational, Scientific, and 
Cultural Organization (UNESCO) has done no direct work on the standardization of 
units and symbols, it has manifested its interest in this subject by transmitting prob- 
lems to ISO for reference to the appropriate technical committees of that body while 
“intimating that UNESCO attaches importance to this matter, offers any cooperation 
in its power, and desires to follow developments.” 

“Enforcement” is perhaps too strong a word to apply with reference to any stand- 
ard, At least the well-nigh universal practice is for standards to be reached by com- 
mon consent and usually to be followed because of recognized merit in such agreement. 
Certainly this is true of standard units and symbols. Jconomy is served by many 
standards and this stimulates their use. Some individualists have preferences and 
some individuals are careless, Perhaps the nearest to enforcement of unit and symbol 
standards is the action of the editors of scientific and technical journals in trying to 
maintain standards between their covers. 


Sources of Information 


Tustead of the usual bibliographic list of references, ere is a more informal, semi- 
classified list of sources of information. 


1. For general as well as specific information coucerning standardizalion, write the American Stand- 
ards Association, 70 Mast Forty-fifth Street, New York 17, New York, This organization is the 
American representative of ISO so that it is a source of standardization information of an inter- 
national nature as well as of a national nature. ASA distributes many standardization pamphlets 
at a nominal price. A 30-page Price List is available, Those pamphlets relating to units and 
symbols of special interest to the chemist follow: 

210.12 -1946: Letter Symbols for Chemical Engineering 

4210.4 -1943: Letter Symbols for Heat and Thermodynamics Including Heat Plow 
410.6 -1948: Letter Symbols for Physics 

410.2 -1942: Letter Symbols for Hydraulics 

210.3 -1948: Letter Symbols for Mechanics of Solid Bodies © 

210.10 -1953: Letter Symbols for Meteorology 

410.5 -1949: Letter Symbols for Electrical Quantities 

“IOP -1928; Mathematical Symbols 


s] 


10. 


11. 
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232.2.3-1949: Graphical Symbols for Pipe Fittings, Valves and Piping 

232.2.4-1949: Graphieal Heating, Ventilating, and Air-Conditioning Symbols for Use on 
Drawings 

232.2.6-1950: Graphical Heat-Power Apparatus Symbols 

232.2.1-1949: Graphical Welding Symbols 


. For news concerning standards, see the Magazine of Standards, published by ASA. ‘This is now in 


its 25th volume. 


. For a good, concise discussion of the fundamental units and their significance see “Units, dimen- 


sions of” in the Hncyclopaedia Britannica, 


. For current information on newly suggested units, names, and (or) symbols of interest to the 


chemist, sce the headings Units.and Symbols in the Subject Indexes to Chemical Abstracts. 


. If, while writing a paper, help is needed concerning units, symbols, word abbreviations, and the 


like, useful pamphlets can often be obtained from the editor to whose journal a paper is to |e 
submitted. 
(a) The American Institule of Physics publishes a 28-page Style Manual which is followed by: 
The Physical Review 
Reviews of Modern Physics 
Journal of the Optical Society of America 
The Journal of the Acoustical Society of America 
American Journal of Physics 
The Rewew of Scientific Instruments 
The Journal of Chemical Physics 
Journal of Applied Physics 
Physies Today 
Notse Control 
Copies can be obtained for $1.00 sent to American Institute of Physics, 57 East Filty-fifth 
Street, New York 22, N.Y, 
(b) The 46-page booklet entitled “Directions for Abstractors and Section Editors of Chemicul 
Abstracts’”’ contains like information. ‘Directions’ can be obtained for $0.25 sent to Chemical 
Abstracts, The Ohio State University, Columbus 10, Ohio. 


. For unit values, conversion factors, and equivalents, see the following: 


(a) Units of Weight and Measure, Definitions and Tables of Equivalents, U.S. Department of 
Commerce, Afiscellaneous Publication M121 (send $0.35 to the Superintendent of Documents, 
U.S. Government Printing Office, Washington 25, D.C.). 

(b) Handbooks of which the following are of special interest to chemists: 

Chemical Engineers’ Handbook (Perry), McGraw-Hill Book Company, Inc., N-Y., 1950, 
Handbook of Chemisiry and Physics, Chemical Rubber Publishing Company, Cleveland, 
Ohio, 1947. 

Handbook of Chemistry (Lange), Handbook Publishers, Inc., Sandusky, Ohio, 1952. 


. For the symbols, signs, and abbreviations recommended for British scientific publications, see: 


(a) J. Chenr. Soc., 1951, Pt. IT, 1677-02. 
(b) Letter Symbols, Signs, and Abbreviations, British Standard 1991, British Standards Institu- 
tion, 2 Park Street, London, W. 2. 


. For standard symbols for chemical engineering, see the first report of a committee of the American 


Inatitute of Chemical Engineors published in Ind, Eng. Chem., 39, 438-0 (1947). Thisis the same 
as Z10.2-19-16 listed under 1 above. A revised list is scheduled for publication in 1955 in Industrial 
and Engineering Chemistry and in Chemical Engineering Progress. 


), For the latest list of recommended “Symbols for Physical and Chemical Quantities’’ issued by the 


International Union of Pure and Applied Chemistry, see this organization’s Comptes rendus de la 
Quinziéme Conférence, Amsterdam, September 1949 (write R. Delaby, 4 Avenue de l’Observatoire, 
Paris 6°). 

There is a section on “Chemistry,’”’ with defindtiens, in the Appendix on Arbitrary Signs and 
Symbols in Wedster’s New International Dictionary, G. & C, Merriam Company, Springfield, 
Massachusetts. 

Some of the abbreviations and symbols used in this Encyclopedia are listed in the front matter of 
each volume. 


i, J. Cran 
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UNLOADING DEVICES. See Conveying, Vol. 4, p. 374. 
URACIL, NH.CO.NH.CO.CH :CH. See Nuclete acids, Vol. 9, p. 509. 
| ~ 








URANINITE. Sce Uraniwn and uranium compounds. 


URANIUM AND URANIUM COMPOUNDS 


Uranium, U, atomic number 92, atomic weight 238.07 (238.03 from mass spectro- 
graphic and nuclear disintegration data), isa member of the actinide series of transition 
elements. The element was discovered in 1789 by Martin Heinrich Klaproth in a 
specimen of pitchblende from Saxony. The unusual new “half-metallic substance” 
was named uranium in honor of the discovery of the planet Uranusin 1781. In 1841, 
Peligot showed that Klaproth’s substance was actually the oxide UO, and succeeded 
in producing the metal itself by reduction of uranium tetrachloride with potassium. 
In 1896, H. Bevquerel first discovered the phenomenon of radioactivity in uranium, 
and thereby aroused a new interest in this previously obscure element, which has con- 
tinued to the present. 

Before the discovery that the rare naturally occurring uranium isotope U?* 
would undergo nuclear fission with slow neutrons, liberating vast amounts of energy, 
uranium had very limited uses; its most important role was as a source of radium, al- 
though smal] amounts had been employed in ceramics to produce colored glazes, and in 
catalysts for ammonia production. The use of uranium jn connection with atomic 
energy has increased its value to so great an extent as to eliminate its use for any pur- 
pose other than for the release of nuclear energy. 

Uranium occupies a central position in the release of nuclear energy either by 
fission or even by thermonuclear reactions. All schemes suggested for the release of 
nuclear energy up to the present (1955) involve uranium, in one way or another, and 
the chemistry and technology of this element thus are of paramount importance. 
See Nucleonies. 

A large number of both natural and synthetic isotopes of uranium are known 
(see Table I}. The element uranium as found in nature consists of the three isotopes 
of mass numbers 238, 235, and 234 with relative abundances of 99.28, 0.71, and 0.006%, 


TABLE L. Isotopes of Uranium. 











Tsutape Half-life Mode of decay 
[227 {.3 min, a 
228 0.3 min, we 
229 58 min, ec; Clectron capture 
Ue 20.8 days « 
Us 4.2 days electron Gupture 
[282 70 yr, w 
{7289 1.62 % £08 yr. e 
U234(Urr) 2.48 >< 105 yr. @ 
U?24(AcU) 7.138 & 108 yr. a, 7 
vas 2.46 & 107 yr. « 
(year 6.75 days Bo 
U28 Ur) 4.50 > 108 yr. w 
239 23.5 min, Br 


U0 t4.1 hr. Br 
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respectively. The isotope U*8 is the parent of the natural uranium 4n + 2 radio- 
active series, and the isotope U™* is the parent of the natural actinium 4n + 3 radio- 
active series. Thus U8 and U** are linked by radioactive decay, whereas U*® is of 
other origin. The isotopes U2*3 (synthetic) and U?* (natural) undergo fission with 
slow neutrons. The importance of these isotopes can be judged by the fact that com- 
plete fission of U?** gives rise to an amount of “heat energy equivalent’’ of about 
10,000,000 kilowatt hours per pound. Secalso Radzoactive elements, natural. 

Since uranium is the longest known and most intensively studied of the actinide 
elements, and exhibits very complex chemical behavior, it is necessary to confine 
attention in this article to those aspects of the chemistry of uranium most pertinent to 
its technology. For complete references to work prior to 1936, see reference (15). 
Croxton (8) has compiled a valuable survey which abstracts all nonseeret publications 
on uranium chemistry prior to 1951, For a eritical compilation of much of the older 
literature, together with a description of recent work, see reference (19). 


Occurrence 


Distribution. Uranium is widely distributed in nature. Table II lists estimates 
of the concentration of uranium present in various occurrences. There is a relation- 
ship between the silica content of igneous rocks and the uranium content; in general 
high-silica (acid) rocks such as granite contain the higher concentrations of uranium, 
while basic rocks such as the basalt that forms the floors of the oceans usually are found 
to contain much smaller amounts of uranium. Most sedimentary rocks, with the 
notable exception of the carnotite-bearing sandstones of the American Southwest and 
Soviet Kazakstan, carry negligible amounts of uranium. Marine shales and phosphate 
rock, which are also of sedimentary origin, also contain significant amounts of uranium. 
In sea water, uranium is present only to the extent of about one two-thousandths as 
much as is present in an equal weight of rock; nevertheless, even at this very low con- 
centration all of the oceans are estimated to contain a total of 10" tons of uranium. 
Despite the impression that uranium is an excessively rare element, it is present in the 
earth’s crust to a much larger extent than such familiar elements as cadmium, bismuth, 
mercury, and silver. This merely illustrates that there is no simple relationship 
between the concentration of an element in the earth’s crust and the probability of 
discovering economically important deposits of that element. 


TABLE I], Uranium Occurrence in Nature. 














Co onee vnitrs utinn, 
Orcourrence U 
Igneous rovks* 4 & $078 
Baasalts 0.2 X 1074 
Granites 25 xX 1076 
Sedimentary rocks’ 2x 1078 
Meteorites* 10° 
Ocean water® 2x 107° 
Living matter 10-4109 








* Moan concentration in the earth's crust. 
6 With the exception of the sedimentary rocks of the Colorado plateau which contain on the 
average a much higher concentration. 
¢ This may he an upper value, and the true value may actually be much smaller, 
4 For sea water of 3.5% salinity. . 
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Minerals. A very large number of uranium minerals have been characterized by 
mineralogists ({4). Table ITI lists 4 number of the more common uranium minerals. 
Uranium minerals are very widely distributed; they are found in pegmatites, in veins 
atising from hydrothermal action, in disseminated deposits in igneous rocks, in sedi- 
mentary deposits, and in deposits associated with carbonaceous matter. The pegma- 
titie minerals, one of the most important being uraninite, are very widely distributed 
geographically. Uraninite as originally deposited is an oxide of urantum which, in the 
absence of severe weathering probably approximates the composition UO», but usually 
contains Pb and U*+ formed during radioactive decay; weathering also causes the 
formation of US, Other primary uranium minerals found in pegmatites are uranium- 
hearing rare earth biobates, tantalates, and titanates; these are by far the most numer- 
ous Class of uranium minerals found in pegmatites. Although the number of minerals 
found in pegmatites is very large, these minerals are present, in general, in very minor 
amounts and have little or no economic significance. 


TABLE IH. Common Uranium Minerals. 








Uranium, Hard- 
Name Chemical composition %, Color Luster * Sp-er. ness 
Uraninite Ideally DO. (ulsocon- 45-85 Black, gray Glossy, 8-10.6 5-6 
tains Pb, Th, rare dull, sub- 
earths) metallic 
Pitchblende UOs.-UOs.¢7 Vari- Black Pitchlike, 6-8 5-6 
(a variety of able dull 
Uraninite) 
Thucholite Uranium oxide and Vari Black Dull, 2 3-4 
hydrocarbons able pitchy 
Pergusonite (Y,lir,Ce, Th, Fe)- 0.2-8 Brown Glossy ‘1-6 5-8 
(Nb, Ta, TIO, 
Huxenite- (Y,U,Ca,Th,l’e)- 3-12 Dark brown Clossy 4-6 5-7 
polycrase (Nb,Ta).05 
Samarskite (Y,U,Ca,Th,Fe)- 8.4- Black, Glossy 4-6 5-6 
(Nb, Ta)204 16.1 brownish 
Pyrochlore- (Na,CaU)(Ta,Nb)- 2-15 Colorless, Glossy or —-£-6 5-6 
microlite 0,(0,OH,F) yellow, red, resinous 
green, black 
Autunite Hydrated Ca(UQ:)- 45-56 = Lemon-yellow Pearly, 3.05-8.19 2-1 
(PO. nHh.0, 1 = to apple subada- 
8-12 green mantine 
Carnotite Ka UO (VO eT LO, ~55 Yellow Earthy 4 2-3 
n= 1-3 
Tyuyamunite  Ca(U0.)(VO)enthO, 18-54 Yellow Tarthy 3 2-4 
nm = 4-10 
Uranophane CaCO.) 8207620 87 Yellow, pale Pearly, 3.813 MW QB 
green, and greasy 
pale orange 
Torbernite Cu(U02)(POy2.8- 47-51 Green Pearly, 3.2-3.6 2-2.5 
120.0 subada~ 
mantina 





Piichblende, a variety of uraninite, the most important, ore of uranium, is found in 
veius where it presumably has been deposited from hydrothermal solutions. The 
formula UyQs is usually assigned to the mineral, bué pitchhlende is of a variable eom- | 
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position and only rarely does a sample correspond to this formula. Pitchblende is 
often metamict, as shown by diffuseness in the x-ray pattern, and differs from urani- 
nites in containing much smaller amounts of thorium and rare earths. Pitchblende is 
found associated with a wide variety of minerals, the most important being sulfides and 
arsenides of iron, copper, nickel, cobalt, lead, silver, and bismuth. The presence of 
sulfide minerals in close proximity to pitchblende is common, although no uranium 
sulfides have been found in nature. Because pitchblende is soluble in even slightly 
acidic ground waters, secondary redistribution of uranium occurs, and pitchblende 
veins are frequently accompanied, particularly near the surface, by oxidation and alter- 
ation products. In these oxidized and altered deposits, the uranium minerals are 
present largely as phosphates, sulfates, arsenates, carbonates, hydrous oxides, and sili- 
cates and are distinguished by their bright colors. 

Carnotite is a hydrous potassium uranyl vanadate, and tyuyamunile is the analogous 
calcium uranyl vanadate; the water content of both minerals is highly variable. 
Autunite, a hydrated calcrum uranyl phosphate, is probably the most common uranium 
mineral. It occurs in small amounts in the oxidized zone of most uranium deposits 
and is derived from the alteration of such minerals as uraninite, pitchblende, gummite, 
uranophane, and the uranium-bearing niobates. Another very common uranium 
mineral is the hydrated copper uranyl phosphate, torbernite. Like autunite, torber- 
nite is to be found in the oxidized zone of most uranium minerals; because copper is a 
necessary constituent, torbernite is not as prevalent in pegmatites as in typical pitch- 
blende deposits, which commonly contain chalcopyrite and other copper sulfides. 

Economic Deposits. Before 1942, no mining operations were conducted solely 
for the sake of obtaining uranium; mining was principally carried out for the recovery 
of radium, and the production of uranium was merely incidental. The discovery of 
nuclear fission, however, completely changed this picture, and occurrences of uranium 
which were uneconomic for the recovery of radium became extremely important as a 
source of the fissionable isotope U2%, Now, occurrences in which uranium is present 
even in very small amounts are being exploited. Ordinary economic eriteria are for 
the most part irrelevant when applied to uranium production. 

The most important uranium deposits are the hydrothermal vein deposits of pitch- 
blende found in the Belgian Congo and in Canada. The primary vein deposits in the 
Shinkolowbe mine in the Congo are by far the richest so far described. The veins 
here vary in width from a few inches to several feet, and are associated with cobalt. 
and copper sulfides, as well as significant quantities of molybdenum and iron sulfides, 
gold, platinum, and palladium. Numerous alteration products are found in the vicin- 
ity, the oxidized zone extending several hundred feet in depth. The Canadian de- 
posits at’ Great Bear Lake and on Lake Athabaska are of the same general nature, 
pitchblende being found deposited in veins and fissures of the country rock. Asin the 
Belgian Congo, the Canadian deposits are the result of a very complex process of min- 
eralization, and the uranium is accompanied by some 40 minerals, the most important 
being pyrite and chalcopyrite. These pitchblende vein deposits appear to be ex- 
ceedingly rare. Related to these geologically are the vein deposits of Czechoslovakia 
and Saxony. 

The sandstone-type deposits of the Colorado Plateau have become significant 
producers of uranium. Most of the ore deposits are irregular in shape; they are often 
associated with fossilized tree trunks, branches or leaves. The principal ore minerals 
are carmotite and tyuyamunite, and, in the less oxidized ores, pitchblende and coffinite. 
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All of these are associated with corvusite, montroscite, hewettite, and other vanadium 
minerals. These are usually found us replacements of fossilized wood and as a coat- 
ing on the grains of sandstone, and much of the ore contains 0.2-0.4% U,0. and 1.5- 
20% ViOs. 

While vanadiferous uranium ore remains the principal type mined, nonvanadif- 
erous ores that contain pitchblende with copper sulfides and secondary minerals have 
assumed an increased significance. These ores are found in the western and southern 
parts of the Plateau, mostly in southern Utah and northern Arizona in the Moenkopt, 
Shinarump, or Chinle sandstone formations. These deposits, like carnotite, are 
spotty and erratic in distribution. Also occurring in southern Utah are uranium- 
bearing asphalts. Uranium-bearing asphaltic sandstone deposits containing an aver- 
age of 0.2% U Og have been worked as economic producers of ore. While limestone 
formations containing commercial concentrations of uranium are relatively rare, 
nevertheless uranium-bearing limestone deposits having commercial significance 
(0.2% U,Ox and 0.15% V.0s) are found in the Zuni Uplift in northeastern New Mexico. 
The discovery of these sources of uranium on the Colorado Plateau have contributed 
siguificantly to the uranium derived from the region. 

Materials containing less than 0.08% uranium can scarcely be described as ore. 
Nevertheless such occurrences are very widely distributed and occur in immense 
amounts, so that in the aggregate they represent enormous uranium reserves. For 
example, uranium in significant amounts has been reported in phosphate deposits in 
Russia, Morocco, Algeria, Tunisia, and Egypt, in the phosphoria formation in Idaho, 
Montana, and Wyoming, and m the Hawthorne and Bone Valley formations of 
central Florida. All marine phosphate formations contain uranium, generally, al- 
though not invariably, in proportion to the phosphate coutent. In Florida, only phos- 
phate rock of marine origin (“land pebble” type) contains significant amounts of 
uranium. Concentration of the uranium is greatest in the upper or “leached” zone 
of the Bone Valley formation, and much less in the underlying “matrix” phosphate 
which is the principal source of commercial phosphate. Most of the uranium appears 
to be incorporated into the mineral carbonate-fluoroapatite, in which the uranium 
probably replaces part of the calcium. Small amounts of minerals in the torbernite 
and autunite group have been found in some of the phosphate deposits. Although it 
is uneconomical to process phosphate deposits containing 0.01-0.03% U;Og solely for 
uranium, it is feasible to recover uranium economically as a by-product of phosphate 
fertilizer operation under special conditions. See Phosphoric acids and phosphates. 

It has been known for many years that low concentrations of uranium are to be 
found in shales in many parts of the world. The first observation of uranium in black 
shales was in Sweden in an alum shale in 1893. Since that time uranium has been 
found in black shales in Russia, Estonia, Alaska, and the central continental United 
States. In the U.S., the Chattanooga formation is a radioactive black shale distrib- 
uted over wide areas in Tennessee, Kentucky, and adjacent states, and formations 
correlative to the Chattanooga extend throughout Indiana, Kentucky, Ohio, and Mich- 
igan; these cover in the aggregate many thousands of square miles. Although the 
eoncentrations of uranium are low, say 0.008% UsQOg in the most radioactive Chat- 
tanooga shales of central Tennessee and southern Kentucky, the vast tonnages of 
shale which exist make the total amount of uranium present very large. No definite 
minerals have been identified in the Chattanooga shale. These shales represent a 
huge potential reserve of uranium, as do the lignite deposits of the Dakotas. 
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One other occurrence, in which uranium is present in very low concentration but 
where special circumstances make the recovery of by-product uranium feasible, is in 
the Rand gold fields of South Africa. Here the gold is aeeompanied by small amounts 
(0.01% UsOg) of uraniuin present in part as the mineral thucholite. Since enormous 
amounts of the gold ore are processed daily, appreciable amounts of uranium can be 
recovered from the residues of the gold extraction operations. 


Extraction 


Many of the details of the extractive metallurgy of uranium are carefully guarded 
trade secrets or are restricted for other reasons. In addition, uranium ores are often 
very complex chemically and vary a good deal in composition, necessitating changes in 
operating procedure. For these reasons it is difficult to give a very detailed descrip- 
tion of the extraction of uranium. Nevertheless, certain gross features are present in 
all procedures: first, concentration of the ove; then a leaching operation which is often 
preceded by roasting; and finally recovery of the uranium from the pregnant leach 
liquors, usually by a precipitation process. The extractive metallurgy of uranium 
has been diseussed by McDonald (23), 


CONCENTRATION 


The primary minerals, pitchblonde and uraninite, have a high density and are 
readily concentrated by gravity if in large enough pieces. Thus, gravity eoncentra- 
tion can be used at Shinkolowbe and the Eldorado Lake Athabaska deposits in Canada, 
However, most secondary uranium minerals such as autunite, torbernite, and gummite 
are soft and easily slimed, and gravity concentration fails to recover the uranium with 
sufficient efficiency. In earlier times, relatively high-grade ores were concentrated by 
hand picking. <A device has been constructed which is actuated by the radioactivity 
of the ore and which appears to offer promise in the mechanical concentration of 
uranium ores. In the ease of carnotite, which often oecurs as a thin coating on the 
matrix silica, mechanical methods of concentrating the mineral values offer promise; 
by a gentle grinding and passage through a 200-mesh sieve (roughly the size of the 
individual quartz grains) much of the carmotite can be recovered (8). Flotation meth- 
ods do not seem to have been widely applied. Although all the common uranium 
minerals can be readily floated, a very large number of other minerals, in particular 
calcite and quartz, can also be floated; and, since these are common gangue materials, 
flotation is not at present sufficiently sclective. Bulk flotation, however, has been 
employed to achieve a low concentration ratio and to reject a reasonably large portion 
of the feed as a barren tailing. 


ROASTIN G 


Prior to the leaching operation, roasting is frequently resorted to. Thus, with 
Canadian Eldorado pitchblende ore, roasting with sodium chloride at 800°C. is carried 
out to convert native silver to insoluble silver chloride and to decompose carbonates, 
which cause frothing during subsequent acid leaching; sulfur, arsenic, and antimony 
are volatilized during the roasting. Roasting with sodium.chloride at 850°C, is em- 
ployed for carnotite ores when it is desired to recover vanadium; percolation of the 
caleines with water extracts the vanadium as water-soluble sodium vanadate, leaving 
the uranium values to be recovered by subsequent acid leaching. Many carnotite 
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ores are associated with appreciable amounts of carbonaceous matter that make grind- 
ing very diffeult, and that also interfere with subsequent acid treatment. Roasting 
destroys the organic matter and simultaneously converts any iron present to an acid- 
insoluble oxide, It is claimed that exceptionally high recovery of the mineral values 
from Plateau ores can he achieved by utilizing this roasting procedure (9). 


LEACHING 

Tn the ease of uranium mincrals, either an acid or an alkaline leach may be em- 
ployed to convert the uranium to soluble compounds. 

Acid Leaching. Pitchblende ore may be treated with dilute sulfuric acid, which 
ean often be manufactured from pyrite occurring in the uranium ores. Since uranium 
as U+ is sparingly soluble in the acid extract liquors, it is necessary to have an oxicliz- 
ing agent present to convert all of the uranium to the +6 state as uranyl, Uo?t 
Ferric iron is an excellent oxidizing agent for this purpose; if can sometimes be manu- 
factured by aeration at pH 5-6 from the ferrous iron naturally present in the ore. 
Ferric ion performs a dual function in that it can also complex any phosphate present 
which might otherwise precipitate uranium. Manganese dioxide and sodium chlorate 
are also effective oxidants, and the choice of oxidizing agent depends upon cost and 
availability at a particular site. For satisfactory recovery of uranium by cold dilute 
acid leaching, it is advisable to use enough acid so that the pulp at the end of leaching 
has a pH of about 1.5. Optimum extractions are usually attained in 16-24 hours. 
Acid leaching can be carried owt by countercurrent extraction, but it is more common 
to employ a single-step leach. Separation of the acid pregnant solution may be carried 
out by filtration or by countercurrent decantation; filtration requires the addition of 
organic floceulants such as glue, linsced meal, or sodium carboxymethyl cellulose in 
order to attain good filtration behavior. 

Acid leaching of carnotite ores has been used in several mills on the Colorado 
Plateau. Hydrochloric acid has been used to some extent, being readily available by 
condensation from the flue gases produced during preliminary roasting of the ore with 
sodium chloride. After the soluble vanadium is extracted with water, the residue is 
leached with dilute hydrochloric acid. Carnotite ores can also be leached satisfac- 
torily with sulfuric acid. One of the serious limitations of acid leaching is the nature 
of the gangue minerals; if these are siliceous, then little exeess acid will be consumed: 
but if the gangue is largely calcium carbonate, acid consumption will be prohibitive, 
and an alkaline leach must then be used. 

Numerous methods have been explored for the separation and recovery of uranium 
from other impurities in acid leach liquors. Many of these methods, as in the metal- 
lurgy of other elements, are related to gravimetric analytical procedures, and, in the 
case of uranium, are based on the insolubility in water of alkali metal uranates and 
diuranates, uranyl peroxide, phosphate, molybdate, vanadate, and arsenate. Ton 
exchange and solvent extraction methods have also been considered but details here 
are lacking. 

Carbonate leaching can be carried out in simple equipment with good efficiency. 
Fven though recovery of uranium is not quite as good as with acid, the ahsence of 
corrosion problems and the relatively inexpensive equipment makes carbonate leach- 
ing the preferred method in many cases. It is perhaps mast widely used in the U.S. 
on the carnotite ores of the Colorado Plateau. Where the gangue is carbonate, as it 
often is on the Plateau, it is essentially the only method available, 
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Carbonate leaching depends for its efficacy on the fact that hexavalent uranium 
is soluble in excess carbonate as the tricarhonatouranyl ion, [WO2(COs),]'-. For- 
ward, Halpern, and Peters (12) have mace a detailed study of the carbonate leaching 
of ores, with special reference to Canadian pitchblende. In carhonate leaching, at- 
mospheric oxygen can be utilized to complete the oxidation of uranium to the +6 state: 


WsOg -+ 4 O2 + 9 COP + 3 HO ———> 3 U0.(CO;)$- + 6 OH- 


An equilibrium exists between the soluble tricarbonatouranyl] ion and insoluble sodium 
uranate, which is a function of the hydroxide ion concentration : 


U0COs)§- ++ 4 OL + 2 Nat 








Uranium can thus be precipitated from a carbonate solution by increasing the hy- 
droxide ion concentration. In the actual leaching operation, it is therefore important 
to control the hydroxide ion concentration, since an accumulation of hydroxide will 
precipitate insoluble uranium salts and prevent effective leaching. This can be ac- 
complished by addition of sodium bicarbonate or carbon dioxide. As described by 
Forward eé al. (12) the optimum concentration of sodium carbonate is 50 grams/liter; 
leaching is carried out in a pressure vessel at 100°C. and 2 atm. oxygen pressure. 
Carbonate leaching requires much closer control than does acid leaching to attain 
maximum effectiveness. 

In applying carbonate leaching to carnotite ores, roasting is resorted to only if the 
ore contains more than 1% vanadium; otherwise the raw ore is leached directly with 
the sodium carbonate. Roasting is commonly done with 6-9% sodium chloride at. 
850°C. for 1~2 hours. If the temperature exceeds this, insoluble uranium and va- 
nadium compounds are formed; if lower, subsequent extraction is decreased. The 
presence of large amounts of calcium may cause difficulties by the formation of insolu- 
ble calcium vanadate. It is very important that after roasting the calcine be 
quenched immediately in sodium carbonate solution; if the calcine cools appreciably 
before quenching, the solubility of uranium is less than if the calcine is quenched at 
maximum heat. Low-vanadium ores, both of the high-lime and low-lime type, as well 
as asphaltic ores, are amenable to direct carbonate leaching without a salt roast. 
However, the settling characteristics of the ores are often greatly improved by 
a low-temperature roast at 300-500°C. The leaching solutions must be kept as hot 
as possible and excess carbonate or hydroxide must be avoided. 

Two standard methods are available for the recovery of wranium from carbonate 
leach liquors. The carbonate solution may be acidified to pH 3 and boiled or evacu- 
ated to remove all carbon dioxide, after which the uranium can be precipitated by 
neutralizing to pH 7 with ammonia or sodium hydroxide. Alternatively, sodium 
hydroxide can be added directly to the carbonate solution to raise the pH above 11, 
whereupon reasonably complete precipitation of the uranium occurs. If the uranium 
and vanadium are present in the carbonate leach liquors in the proper stoichiometric 
ratio, then neutralization by acid leads to the very complete precipitation of sodium 
uranyl vanadate, the “yellow cake” of Colorado Plateau extractive metallurgy. 
Forward, Halpern, and Peters (12) have made a laboratory study of the recovery of 
uranium from carbonate solutions. They have shown that hydrogenation by gaseous 
hydrogen at 150°C, in the presence of a nickel catalyst will reduce the uranyl carbonate 
complex, and a black hydrated uranium dioxide will be precipitated. The barren 
solution is suitable for re-use. This sequence of operations presents the possibility 
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of extracting uranium in such a way that the only chemicals used up are oxygen 
(during the leach) and hydrogen (during uranium recovery). 


Uranium Metal 


PROPERTIES 


Uranium is a very dense and highly reactive metal which possesses peculiar and 
unusual metallic properties. Because of its great importance in nuclear technology, 
it has been very intensively studied. Here only the most important of the properties 
of the metal can be described. 

Constants. Melting Point, Boiling Point, and Vapor Pressure. Uranium metal 
for many years was considered to be a refractory metal like chromium, molybdenum, 
and tungsten. Tt melts, however, at a much lower temperature, which Dahl and 
Cleaves (5) have found to be 1130° + 2°C. (2071°I,). The heat of fusion has been 
calculated to be 4.7 kg.-cal./gram-atom., 

The boiling point of uranium has been estimated at about 4000°C. A precise 
measurement of the vapor pressure of liquid uranium (82) yields the following equation 
in the range 1630-1970°K.: 


log Pum, = — ee + (8.583 = 0.011) 
This expression leads to a value of 116.6 kg.-cal./gram-atom for the heat of sublimation 
of uranium at 0°K. 

Phase Transitions and Crystal Structure. Three distinct solid phases of uranium 
exist. The room temperature or « form exists to about 665°C. Between 665 and 
776°C., uranium exists in the 8 form, while the y phase is the stable one between 
775°C. and the melting point (1130°C.). These three phases have quite different 
erystal structures and mechanical properties and are responsible for a considerable 
portion of the complexities encountered in fabricating the metal. 

Crystal structure studies on the various uranium phases are summarized in Table 


IV. 


TABLE IV. Crystal Structure of the Various Uranium Phases. 





Lattice paramoters, A. 





No. of atoms 





Phase _ Class a ar as per unit cell Density, g./eu-em, 
a  ‘Orthorhombbic 2.858 5.877 4.055 4 19.00 
B Tetragonal 10,759 _ 5 656 30 18.11 (at 720°C.) 








Y Body-centered cubic 3.524 — —_ 2 18.06 (at 805°C.) 


The @ structure is a distorted hexagonal closest packing, It has been suggested 
that the uranium atoms are arranged in a layer structure of corrugated sheets, in which 
the binding within the sheets is stronger than that between the sheets, similar to the 
structures found in arsenic, antimony, and bismuth. The binding within the sheets 
shows a marked dependence on direction and thus can account for the anisotropy of 
e@uranium. The y (high-temperature) modification of uranium can be stabilized 
at room temperature by the addition of small amounts of chromium or molybdenum. 
The @ structure is very complex and has been the subject of much discussion. It is 
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related to the structure of a-uranium, but is of a very much lower order of symmetry 
and has a much larger unit cell. 

Thermal Hxpansion. The coefficient of lear thermal expansion in «-uranium 
depends strongly on the crystallographic direction; this anisotropy makes the thermal 
expansion of uranium vary over a wide range (see Table V). 


TABLE VY. Coefficients of Linear Thermal Expansion of o-Uranium. 





/ . Average expansion coefficient (X 106), per °C. 
Direction parallel 








to the axis 2I-128°C, 25 826°C, 25-650°C. 
a (100) 21.7 26.5 36.7 
b (010) -1.5 ~2.4 ~9.3 
e (001) 23.2 23.9 3-4.2 
Volume coefficient 45.8 48.6 61.5 


(X10), per °C. 








* 


Mechanical Constants, Uvanium is a relatively weak metal, only moderately 
ductile at room temperature, and its strength declines rapidly at elevated temperatures. 
The low-temperature a form has so low an elasticity that it has been described as 
‘“‘semiplastic.”’ 

Hardness of uranium is markedly affected by impurities; the hardness of cast 
uranium varies between 200 and 220 Brinell. Cold working increases the hardness 
and values ranging from 185 to 385 Brinell have been reported for uranium metal. 
The hardness falls rapidly above 200°C.; -y-uranium is so soft as to mitigate its 
use for fabrication, while the 6 phase is harder than the a, and considerably more 
brittle. 

The yield strength of e-uranium is indeterminate since it is semiplastic. The 

variation in yield strength is great; most of the values He in the range 25 X 10? p.s.i 
(for 0.2% offset). Values of 15-30 X 10° p.s.i. have been given for Young’s modulus; 
Poisson’s ratio ranges between 0.23 and 0.42 p.s.i. and is in accordance with the semi- 
plastic nature of uranium metal. The elasticity of uranium, like the hardness, de- 
creases rapidly with increasing temperature in the @ phase, but increases again in the 
8 phase. : 
The ultimate tensile strength of uranium varies between 50,000 and 200,000 p.s.i. 
depending on the eold working and previous thermal history of the sample. Tensile 
strength falls rapidly at elevated temperatures, for example, from 53 X 10° p.s.i. at 
room temperature to 27 < 10* p.s.i. at 150°C. and 12 & 10'p.s.i. at 600°C. 

Thermodynamic Properties of the Metal. Moore and Kelley (28) have given the 
following equations for the specific heat and heat content for the three uranium phases: 

e-uranium: C, = 3.15 + 8.44 x 10787’ + 0.80 X 1057" 

é-uranium: C, = 10.38 

y-uranium: C, = 9.10 

e@-uranium (298-935°IS.): HH, —- Hao = 3.157 + 4,22 * 10737 — 0.80  10°7'~! — 1046 

g-uranium (935-1045°K.): H, — Hay = 10.387 — 3525 

y-uranium (1045-1800°K.): H, — Hog = 9.10 + 9.1477 


The entropy of o-uranium is Sag.ig = 12.08 + 0.038 eu. 

Electrical and Thermal Conductivity, Uranium is a rather poor conductor, with an 
electrical conductivity about one-half that of iron.. The highest conductivity so far 
reported is 4 & 10-4 (ohm-cm.)—!. The highest conductivity and the greatest in- 
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crease In conductivity upon cooling to liquid nitrogen temperatures are indicative 
of superior purity. Pure uranitm metal is superconducting below 1 °K, 

The thermal conductivity of a-uranium increases from 28 X 107* val./(sec.)- 
(sq.em.)(°C./em.) at 20°K. to 64 & 10-* at 300°K. 


REACTIONS 


Uranium is a highly reactive metal. It reacts readily with all the nonmetallic 
elements and also forms numerous intermetallic compounds. The general chemical 
behavior of uranium in the electromotive series appears to be close to that of beryllium ; 
it is thus strongly electropositive. Some of the chemical reactions which metallic 
uranium undergoes are listed in Table VI. 


TABLE VJ. Chemical Reactions of Uranium Metal. 





Reaetion temperature, °C.” 








Reactant Massive Powdored Products 

Hy 250 —78 a- and B-UH; 

Cc 1800-2400 800-1200 UC; Uns; UCr 
Nz 700 500 UN; UN,.75; UN» 
P — G00-L000 UiPa 

Oy 150-350 Pyrophorie UOe; UsOs 

s 500 — USz 

Pr, 2h — UFs 

Cle 500-600 150-180 UCh; UCI; UCls 
Bra 6b0 210 UBri 

HO 100 25 U0, 

HE(g) ~ 200 400 UF, 

HCi(g) _ 250-300 UCI; 

NH; 700 400 UN. 

H8 oo 400-500 US; Us8y; USg 
NO 400-500 —_ U;05 

CH, _~ 635-900 UC 

CO 750 —_ TO, + UC 

CO: 750 —_ UO, + UC 


« Temperature at which reaction begins. 





Uranium metal exposed to air at room temperature soon assumes a golden yellow 
color which darkens gradually and which becomes black in three or four days. Cub- 
icciotti (4) has investigated the oxidation of massive uranium metal and finds it to 
follow a parabolic Jaw at low temperatures (90-165°C.); the rate becomes linear at 
higher temperatures (165-215°C.). Powdered uranium is frequently pyrophoric. 

The reaction of uranium with water is complex. Boiling water attacks massive 
uranium slowly to form uranium dioxide and hydrogen. The rate of reaction in- 
creases as hydrogen accumulates because uranium hydride then forms. Steam reacts 
with uranium at 150-250°C, to form a mixture of oxide and hydride: 


” 250°C. 
7U +6 TO) —— 3U0. +4 UH; 


Although the exact composition of the oxide which forms is in doubt, all observers 
agree that the reaction of uranium with steam is more vigorous than with oxygen. 
The reaction of uranium metal with aqueous hydrochloric acid is very rapid: 
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the U‘+ ion is produced, but the reaction is evidently complex and its course depends 
on the normality of the acid used. Unless a large excess of acid is used, considerable 
amounts of a black solid, presumably hydrated uranium oxide, form. The addition 
of 0.05 Af fluosilicic acid in concentrated hydrochloric acid completely dissolves ura- 
nium without the formation of black solids. Hydrobromic and hydriodic acids act 
similarly to hydrochloric acid but ata slowerrate. Dilute sulfuric acid does not attack 
uranium metal appreciably, whereas hot concentrated sulfuric acid reacts slowly to 
form uranium(IV) sulfate. Phosphoric and hydrofluoric acids react only very slowly 
with uranium. Nitric avid dissolves uranium at a moderate rate; with finely divided 
uranium the reaction with nitric acid may assume explosive violence. 

Uranium metal is inert to alkalies; however, the addition of oxidizing agents such 
as peroxide to caustic soda solutions leads to the dissolution of uranium metal with 
formation of soluble peruranates, 

Since uranium is so reactive chemically, the melting and casting of uranium is one 
of the most difficult problems in uranium metallurgy. It is essential to protect me- 
tallic uranium, especially at elevated temperatures, from contact with air or moisture, 
and this has necessitated the development of special techniques in the fabrication and 
use of the metal, 


PREPARATION 


A variety of methods are available for the preparation of uranium metal, Since 
metallic uranium is a highly reactive substance, considerable attention has been di- 
rected to the production of massive rather than finely divided metal which is readily 
contaminated by exposure to air. 

Reduction of Uranium Oxides with Carbon. This is the classic method employed 
by Moissan, who reduced U;O, with sugar carbon at the temperature of the electric 
are furnace. Metal so prepared invariably coutains substantial amounts of carbon 
as wanium carbide. 

Reduction of Uranium Oxides with Aluminum, Calcium, and Magnesium. The 
heat of formation of the uranium oxides is such that calculation shows them to be 
reducible by strong electropositive elements which form very stable oxides, such as 
aluminum, calcium, and magnesium. Such reactions can be carried out in an evacu- 
ated (or sealed) steel bomb tube. Thus Jander (17) produced metal of a fair degree 
of purity by reducing uranium dioxide with calcium at 950-1250°C. in a tightly sealed 
iron crucible. In general, this type of reaction, because of the high melting point 
of the slags which are formed (aluminum oxide, calcium oxide, and magnesium oxide), 
yields finely divided rather than aggregated or massive metal. Because the very 
finely divided metal is dispersed through the refractory slag, it is difficult to separate it 
in a pure condition, Calcium reduction of the oxide has been modified by carrying it 
out in the presence of alkali halides or alkaline earth halides which are reported to 
facilitate the reaction by acting as a flux and to yield metal in a coarser form (87,42,48). 
Magnesium metal has also been used to reduce uranium oxide, but since it tends to 
distill from the reaction mixture because of its high vapor pressure, it must be used in 
pressure vessels (39). Once started, the reaction is violent and difficult to control; 
it has been claimed that the use of a calcium-magnesium alloy of the approximate 
composition CasMgy is advantageous (43). Alexander (1) and Deeroly and Van 
Impe (7) have used calcium hydride to reduce uranium oxide; the reaction is carried: 
out in a Nichrome container at 960°C., the charge is allowed to cool in a vacuum to 
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eliminate hydrogen, and the metal is isolated by leaching away the calcium oxide with 
dilute acetic acid. The wet uranium powder is washed with water, dried, and proc- 
essed by powder metallurgy (q.v.) techniques. 

Aluminothermie methods for the reduction of uranium oxides have been studied 
by many workers (41). Since uranium and aluminum form alloys and intermetallic 
compounds, the use of aluminum as a reducing agent adds extra complications, even 
though it has been claimed that aluminum can be removed from uranium-aluminum 
alloys by vacuum fusion. 

Reduction of Uranium Halides with Alkali Metals or Alkaline Earth Metals. 
The first preparation of uranium metal by Peligot in 1842 was by reduction of uranium 
tetrachloride with potassium. Since then the procedure has been employed frequently. 
It is clear that this procedure has marked advantages as compared to reduction with 
aluminum, calcium, and magnesium. The products of reduction of uranium halides 
such as the tetrachloride or the tetrafluoride, will, for example, be sodium fluoride, 
sodium chloride, or calcium chloride, or calcium fluoride. These melt at relatively 
low temperatures, far below the oxide slags produced by reduction of uranium oxide, 
which naturally facilitates the production of massive metal. Marden (38,40,44) has 
described the reduction of uranium halides (UF,, KUFs) by calcium, magnesium, 
ealcium-magnesium alloys, and aluminum. The reduction of uranium tetrafluoride 
or similar halide by magnesium or calcium has been disclosed by Newton (48), Van 
Impe (36) has given a detailed description of the preparation of massive uranium metal 
on the 20-kg. scale by the reduction of uranium tetrafluoride with calcium. The re- 
action is highly exothermic and the heat evolved is sufficient to melt the uranium metal 
and the calcium fluoride slag. The reactor consists of an outer welded mild stecl 
vessel lined with calcium fluoride. The uranium tetrafluoride is mixed with a 15% 
excess over the stoichiometric amount of calcium and is placed in the reactor. Re- 
action is initiated either by a magnesium ribbon or by the heat of a torch. Massive 
metal of high purity and in 98.5% yield is obtained. 

Electrolytic Reduction of Uranium Halides. The electrochemical reduction of 
uranium halides in fused salt baths has been carried out according to methods devised 
hy Driggs and Lilliendahl (10,45,46,47), Marden (24), and Meister (26). This process 
employs uranium tetrafluoride or the double salt KUF; dissolved in a fused electro- 
lytic bath composed of 80% calcium chloride and 20% sodium chloride. A graphite 
container acted as the anode; the cathode was a molybdenum strip. The bath was 
operated at 900°C. and at a current density of 150 amp./sq. dm. The uranium de- 
posit was granular and required washing and drying. Metal of better than 99.9% 
purity was obtained. 

Thermal Decomposition of Uranium Halides. It has been found possible to 
prepare pure uranium metal by the “hot-wire” technique introduced by Van Arkel 
and De Boer for the preparation of very pure zirconium, titanium, and tung- 
sten. In this process, uranium iodide is caused to undergo thermal decomposition to 
the elements on a hot filament. Since uranium has a much lower melting point than 
the refractory metals that have usually been obtained by this procedure, it is necessary 
to operate the filament at a relatively low temperature below the melting point of 
uranium. To achieve good results, very precise control over the operating variables 
is required; these have been discussed by Prescott, Reynolds, and Holmes (30). 
Very pure metal can be obtained, and this procedure thus has value for special pur- 
poses where very pure metal is required. 
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Fabrication. Uranium metal can be fabricated reasonably well by conventional 
procedures (34): forging, rolling, swaging, extruding, or drawing into plates, rods, 
bars, tubes, wire, or foil. Fabrication can be carried out either hot or cold; eold 
working requires the rate of reduction to be low. Hot working requires the use of 
protective atmospheres to prevent reaction with air; it is carried out in the « region 
with frequent reheats Uranium can be joined by forging or welding by the Heliare 
torch in an inert atmosphere. Uranium can be machined by most of the usual meth- 
ods provided certain precautions are followed: a lubricant is essential to prevent 
“burning,” and a heavy cut at high speed shauld be made. 


ALLOYS 


Uranium forms alloys and intermetallic compotinds with most of the metals; 
only a few examples can be cited. Thus, uranium forms compounds of the type 
Uke, UsCo, and UsNi with the transition elements; these are excecdingly brittle 
substances. Some of the intermetallic compounds of uranium with lead, bismuth, 
and tin are reactive, often being pyrophoric. A large number of alloy systems of 
uranium have been investigated among which are the uranium-aluminum, uranium- 


tungsten, Uranium-molybdenum, uranium-zirconium, and uranium-thoriim systems 
(27). 


Uranium Compounds 


At least four well defined oxidation states of urantum have been characterized 
(+3, ++, +5. +6), as well as numerous compounds which are semimetallic in nature. 
In this discussion, attention is focused on the technologically important solid com- 
pounds of uranium and on those aspects of its solution chemistry which have technolog- 
ical significance, Some other compounds are noted in Table VI. 

Uranium Ions in Solution. Four oxidation states of uranium are known in aque- 
ous solution: the +38, +4, and +6 states are stable, and the +5 state is relatively 
unstable, although millimolar solutions can be prepared and preserved at pH 2-4 for 
extended periods of time without disproportionation. ‘The various oxidation states are 
all linked to each other by oxidation-reduction equilibriums, and each of the ions under- 
goes various kinds of hydrolytic behavior and complex ion formation in solution, all 
of which serve to complicate the chemistry of uranium in solution. In Table VIE are 
summarized the thermochemical data on the ions in solution. 


TABLE VIL. Uranium Ions in Aqueous Solution. 








Thermochemical data 








Oxidation Jon iu AH‘, APO “8, ° 
state solution Color kg.-cal./mole kg.-cal./mole cal, /(imole) (°C) 
+3 pat Red ~ 123.0 —124.4 —30 
+4 et Green ~146.7 —188.4 —78 
(+5) (UOg*) _ — 247.4 — 237.6 412 
+6 uU0Rtr Yellow — 250.4 — 236.4 —17 








Oxidation-Reduction Behavior. Solutions of U*+ are readily prepared by disgolu- 
tion of a trivalent uranium halide such as uranium trichloride, or by the electrolytic 
reduction of a solution of U** or U8+. Aqueous solutions of U*+ are intensely red in 
color, unstable, and undergo oxidation to the +4 state readily by reduction of water. 
Strongly acidified solutions appear to be somewhat more stable. . 
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Solutions of U‘+ have a characteristic green appearance; they are much more 
stable than U8+ solutions but can still be oxidized easily to the +6 state even by mild 
oxidants such as molecular oxygen. U4*+ in solution is converted to the +6 state by 
most of the common oxidizing agents. It has been shown that the U#+/U‘+ oxidation- 
reduction couple is reversible, hut the U'+/U032* couple is not. 

The uranium +6 state is the most stable oxidation state of uranium in solution, 
the uranium being present primarily as the uranyl ion, UO2?*. Although the existence 
of this ion has on occasion been questioned, the evidence for its existence is over- 
whelming. Acidified UO3* solutions are readily reduced by zinc, aluminum, mag- 
nesium, cadmium, silver, or copper, and by moderately strong reducing agents such 
as tin(EI) chloride, titanium(III) chloride, or sodium hydrosulfite, NasS.O,, or electro- 
lytically. In many cases, the uranium is reduced to a mixture of U*+ and U‘+; the 
U?+ can be removed by a short treatment with air. 

The alternations in oxidation state which uranium shows in solution have great 
practical significance. This circumstance arises from the fact that uranium in differ- 
ent oxidation states gives rise to salts of greatly differing solubilities, and to complex 
ions of greatly different extractabilities. Consequently separations can be effected 
which might otherwise be very difficult. The oxidation-reduction potentials in acid 
solution are given in Table VITI. 


TABLE Vill. Oxidation-Reduction Potentials of Uranium Tons. 











Potential, 
Couple _ _ volts _ 
U — ust 1.80 
ust — Ut 0.61 
w+ — os —0.62 
uOs— 008+ —0.05 
U4+ -—~ Uoet —0.334 





Hydrolytic Behavior. Aqueous solutions of uranium salts always have an acid 
reaction indicative of hydrolysis. On the basis of pH measurements, the order of 
increasing hydrolysis is U4+>U'+>U0§+; the degree of hydrolysis increases with 
increasing charge and decreasing ion size. In the case of U+*, evidence indicates that 
the simple unoxygenated ion U‘+ does exist in solution and that it is accompanied by 
hydrolysis products according to the equilibrium : 


Utt +. 2 FO U(OH)§+ + H:O+ 


As the hydrolysis continues, polymeric species containing more than one atom of 
uranium bound together by oxygen or hydroxide bridges may appear. The hydrolysis 
of uranyl solutions has been intensively investigated and it has been concluded that 

— the hydrolysis of UO3* leads to the formation of the ions U.02+ and U,02+ rather 
than the monomeric species UO,(OH) * and UO,(OH)s: 








2 U03* + HO ———> U.02+ +2H+ K=1.1 X 1076 
Un02* + UOz+ + H.O ~-——-> U,02+ + 2H+ K=5x 1079 
U,02* + H,O ———+ U;0,.O0H* + JI+ K = 2.8 X 1074 


One of the practical consequences of this phenomenon is that solutions of uranyl 
chloride (or other uranyl salts) can dissolve very appreciable amounts of uranium 
trioxide to form polymeric ions, 
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Complex Ton Formation. Tt has been abundantly demonstrated that U++ and 
UOZ+ form numerous complex ions in solution with a large number of anions. Thus, 
variation of the oxidation-veduction poteutial of U'+ in solutions containing various 
anions shows that complex ions of the type UCI?" exist, and that, U++ is complexed by 
sulfate, oxalate, and acetate ions. The situation with respect to UO?* has received 
the greatest amount of attention and it has been shown, although details of some cases 
may be in doubt, that UO}* is complexed among others by nitrate, sulfate, acetate, - 
phosphate, bicarbonate, carbonate, pyruvate, lactate, citrate, maleate, thiocyanate, 
and salicylate ions, A simple rule which qualitatively indicates the strength of the 
complex is that the weaker the acid the stronger will be the complex which the anion 
of the acid forms; thus acetate or carbonate will form much stronger complexes with 
UO;* than chloride or nitrate, since acetic and carbonic acids are much weaker than 
hydrochloric or nitric acids, 

. Analysis. Numerous procedures are available for the determination of nranium 
depending on the size of the sample and the uranium concentration. Uranium may be 
determined gravimetrically by precipitation as ammonium diuranate, wanium tetra- 
fluoride, uranyl peroxide (UQ,.2H.0), uranium(IV) “cupferrate” (see Vol. 1, p. 875), 
and uranyl 8-hydroxyquinolinate. Titration procedures are usually preferred for 
macro amounts; the methods most often used involve the reduction of uranium(VI) 
by zine or cadmium amalgam, and titration of the uranium(IV) formed hy potassium 
permanganate, potassium dichromate, ceric sulfate, ferric sulfate, or potassium bro- 
mate. Titrations of uranyl ion directly with strong reductants such as chromium (IT) 
and titanium (III) are also possible. For small amounts of uranium, colorimetric pro- 
cedures using spectrophotometers are particularly useful. The color developed by 
sodium hydroxide-sodium peroxide or ferrocyanide is commonly used, although 
there are a very large number of reagents that develop colors with uranium. These 
methods are suitable for microgram amounts. Very small amounts of uranium can be 
assayed by measurement of the fluorescence radiation emitted by uranium; this 
method has been widely used for trace amounts in minerals and in biological specimens. 
Spectrophotometric, polarographic, and counting methods have also found use. In- 
deed none of the analytical techniques that may be utilized has escaped attention. A 
comprehensive and practical guide to the analysis of uranium is given by Rodden (33). 


Uranium Halides. 


Uranium tetrachloride, UC, formula weight 379.90, is a dark green solid, m.p. 
590°C., b.p. 792°C. 

Uranium tetrachloride is markedly volatile; at its melting point of 590°C., tt hasa 
vapor pressure of 19.5 + 1mm. Hg. The vapor pressure of liquid uranium tetra- 
chloride in the temperature range 590-790°C. can be expressed by the equation: 


7208 
Pr 





log Pimm. = + 9.65 


Uranium tetrachloride forms metallic dark green octahedral crystals which have tetrag- 
onal symmetry, and which have a calculated density of 4.98 g./cu.em. Its vapor 
density has been measured and the results show no association in the gas phase. Its 

. heat of formation has been calculated to be AHor, = —250.9 + 0.6 kg.+cal./mole. 
Uranium tetrachloride is exceedingly hygroscopic and must be handled in a dry 
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atmosphere. It dissolves in water and other polar solvents such as alcohol with the 
evolution of heat to form a green solution characteristic of the +4 uranium state, and 
is insoluble in nonpolar solvents such as hydrocarbons, chloroform, or ether. Oxi- 
dizing agents convert uranium tetrachloride to the uranyl state in water. At ele- 
vated temperatures anhydrous uranium tetrachloride reacts with oxygen to form 
first. uranyl chloride, UQsCl,, and then U;Q,. Chlorine reacts with uranium tetra- 
chloride to give the higher uranium chlorides UC] and UC|.. 

Uranium tetrachloride is prepared by the vapor-phase reaction of strong halo- 
genating reagents such as carbon tetrachloride, phosphorus pentachloride, thionyl! 
chloride, phosgene, or sulfur monochloride with uranium dioxide: 


475°C. 
UOz + CCl, ——> UCL + CO. 


Small amounts of phosgene, carbon monoxide, and chlorine are also found in the exit 
gases. The liquid-phase reaction of carbon tetrachloride with uranium trioxide can 
also be employed; this reaction proceeds rapidly at 250°C. under pressure. The 
primary product appears to be uranium hexachloride, which then undergoes dechlorina- 
tion to uranium tetrachloride. Perhaps a more convenient liquid-phase reagent is 
hexachloropropene, ChC=-CCI-—CCk, b.p. 210°C.; refluxing uranium trioxide with 
hexachloropropene at the boiling point under atmosphcric pressure is a convenient 
preparation procedure. Although aqueous solutions of uranium tetrachloride can 
readily be prepared by electrochemical reduction of uranyl chloride solution, or by 
chemical reductants such as zinc amalgam, such procedures are not suitable if the 
anhydrous salt is required, since hydrated uranium tetrachloride cannot be dehydrated 
without extensive hydrolysis and oxidation, Purification of uranium tetrachloride 
can easily be accomplished either by sublimation or by fractional distillation in a 
vacuum, 

Uranium tetrafluoride, UF,, formula weight 314.07, is a green solid (the “green 
salt’ of commerce), m.p. 1086°C., sp.gr. 6.70. This is one of the important uranium 
chemicals in nuclear technology, serving as the raw material for uranium hexafluoride 
preparation. 

Uranium tetrafluoride is essentially nonvolatile, although it has been sublimed 
at 1000°C. in a very high vacuum. As obtained by sublimation, it consists of green 
needlelike crystals which possess monoclinic symmetry and which are isomorphous 
with Ths, Cel, and ZrF,. The heat of formation of UF yeryst) has been given as 
AH = —446 kg.-cal. per mole and the free energy AF'n3 = —424.6 kg.-cal. per mole. 

Uranium tetrafluoride is insoluble in water and is not appreciably hygroscopic. 
With steam, the reverse of the hydrofiuorination reaction occurs and at 800°C. 
uranium tetrafluoride is converted to uranium dioxide and hydrogen fluoride by steam. 
Oxidizing agents dissolve the tetrafluoride readily; perchloric acid, Ce*+ ion, and am- 
monia-hydrogen peroxide mixtures dissolve it without difficulty. Reagents which 
complex fluoride ion, such as Fe’+ or boric acid, are also effective for the dissolution 
of uranium tetrafluoride. 

Uranium tetrafluoride can be prepared by the high-temperature hydrofluorination 
of uranium dioxide: 


550°C. 
UO, + 4 HF ——> UR + 21,0 


Hydrofluorination is a relatively slow reaction and its rate does not show much tem- 
perature dependence above 350°C. The use of a large excess of hydrogen fluoride has 
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been recommended. Other Auorinating agenls can be used; thus the use of Freon 
114 (CCIE.CCIT,) with uranium trioxide at 650-700°C. results in a good conversion to 
uranium tetrafluoride with a high bulk density (50). Van Impe (36) has described a 
process for the preparation of the tetrafluoride on a large scale; in this process, uranyl! 
peroxide, UO,.2H.0, is converted to urantum trioxide by thermal decomposition at 
250°C. The trioxide is then reduced with hydrogen to uranium dioxide at 600°C.; 
the dioxide is fluorinated using ammonium hydrogen fluoride, NHsHF2 The re- 
actants are mixed and the reaction is carried out at 150°C. for 8 hours. The product 
of the reaction is a double salt, NH,UF;, and this is decomposed to uranium tetra- 
fluoride by heating for 8 hours at 350°C., and for 4 more hours at 500°C. 

It is also possible to produce the tetrafluoride in the “wet way.” An aqueous 
solution of uranyl fluoride (or sulfate) is reduced with tin (IL) chloride or electrolyti- 
cally. Hydrated uranium tetrafluoride precipitates, after the addition of hydrofluoric 
acid where necessary; drying at. 110°C. yields the monohydrate, UF,.H,O0. Dehydra- 
tion of this without concomitant hydrolysis and oxidation is difficult, but satisfactory 
dehydration can be achieved by drying the hydrate at 450°C. in an atmosphere of 
hydrogen fluoride. 

Uranium hexafluoride, U¥,, formula weight 352.07, is a colorless compound 
which sublimes at atmospheric pressure at 56.54°C., and has a triple point at 64.02°C. 
at a pressure of 11384 mm. Hg. Uranium hexafluoride thus dues not have a liquid 
phase except at pressures above atmospheric. Among uranium compounds of impor- 
tance in nuclear technology, uranium hexafluoride is in the first rank. Being by far the 
most volatile compound of uranium it has found extensive use in the separation of 
uranium isotopes by thermal diffusion. Since all schemes for the release of nuclear 
energy involve at one point or another the only naturally occurring fissile isotope 
U5, it is easy to appreciate the significance of the isotope separation process and the 
crucial role played in it by uranium hexafluoride. 

Constants. A great number of studies on the physical constants of uranium 
hexafluoride (“‘Hex’”) have been made; some of these are summarized in Table [xX 
(19,22), Its vapor pressure has been redetermined (29) and the results are given by the 
equations: 


log Pim. = 6.383863 + 0.0075377 — 942.76/(1 + 183.416) (0-6-£°C.) 
log Dim. = 6.99464 — 1126.288/(E 4- 221.963) (64-116°C.) 
log Dim. = 7.69069 — 1683.165/(é 4- 302.148) (116-230°C.) 


These are probably the most accurate data on this important property at present avail- 
able. A considerable volume of thermochemical data exists, and some of the most 
pertinent quantities are given in Table X. It is interesting to note that uranium 
hexafluoride gas closely approximates ideality at room temperature; Oliver, Milton, 
and Grissard (29) found that deviations of the gas from the ideal gas laws were very 
small, despite its high molecular weight. As a first approximation, many of the prop- 
erties of uranium hexafluoride gas may be calculated from simple kinetic theory. 

The structure of solid hexafluoride has been determined by x-ray methods. 
Uranium hexafluoride possesses orthorhombic symmetry with lattice parameters . 
a = 9.900 + 0,002, a2 = 8.962 +.0,002, a3 = 5.207 + 0.002 A. The unit cell contains 
four molecules and the calculated x-ray density is 5.060 + 0.005 g./cu.cm. at 25°C. 
It has a typical molecular lattice, and the x-ray data indicate that the uranium hexa- 
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fluoride molecule in the solid is very close to octahedral symmetry. Burke, Smith, 
and Nielsen (2) have made a definitive study of the Raman and infrared spectra of 
uranium hexafluoride gas, and have shown quite conclusively that the molecule in the 
gas shows perfect oetahedral symmetry. 


TABLE IX. Some Physical Constants of Uranium Hexafluoride. 





Property Value" Temp, °C, 








Triple point, 6;, °C. 64.02 £0.05 ~ 
Crit. temp., f,, °C. 240.2 + 0.2 —_ 
Crit. pressure, P,, tm. 465 40.5 _ 
Ruttio, ¢,/e, 1.068 + 0.005 _ 


Density, solid, g./eu.em, 5.09 = 0.06 20.7 
Density, liquid, g./ctu.cm. 3.624 64,02 
Self diffusion coeff., gas, sy.em./see. 0.081 30 
Viseosity, liquid, evmtipoise O10 70 
Viscosity, gus, micropoises 211 100 
Sutherland’s constant 101 _ 
Surface tension, dynes/cm, 16.8 £0.38 70 
Parachor 2004 I -— 
Refractive index, liquid, 4860 A. 1.383 70 
Dieleetrie constant, gas 1.00297 + 0.00006 59.5 
Molar polarization, P, cu.em, 27.0 + 0.2 59.5 
Thermal conductivity, gas, cul./(aec. )(sq.em.)(°C./em.) 1.42 X 1075 5 





* Many of these values ure selected for illustration from sets of data which give the value as a 
function of the temperature. 


TABLE X. Thermochemical Data for Uranium Hexafluoride. 





Property: Value 


Heat of formation, AH —505 + 3 kg.-cal./mole 

Free energy of formation, APass ~ 485 kg.~-cal,/mole 

Heat of solu: UF y(g) + 2 HeO() > UOi*++2F-+4HF(aq) —50.5 + 1.7 kg-cal./mole 

Heat of vaporization, Ay 6.82 kg.-cal./mole (at 64,02°C,) 
Heat of sublimation, AZ yuvi, 12.02 kg.-cal./mole (at 0°C.) 
Entropy, solid, Sas 51.05 cal./(mole) °C.) 

Entropy, liquid, Sys 73.17 cal./(mole)( °C.) 

Sutropy, gas, Sez 87.65 cal./(mole)(°C.) 








Reactions. Uranium hexafluoride is a highly reactive substance, acting as a 
moderately powerful fluorinating agent. It reacts vigorously with water, forming 
uranyl fluoride, UOeK, and hydrogen fluoride. Uranium hexafluoride does not react 
under ordinary conditions with oxygen, nitrogen, dry air, or carbon dioxide, although 
caution must be exercised with carbon dioxide since fluorination to carbonyl fluoride is 
potentially possible. Although uranium hexafluoride is soluble to a considerable 
extent in liquid chlorine or bromine, no reaction appears to occur with either gaseous 
chlorine or bromine, either in the cold or on heating. The reduction of uranium hexa- 
fluoride by hydrogen seems to have an unusually high energy of activation; Dawson 
and co-workers (6) report an initial rapid reduction at 250°C. which rather abruptly 
changes to a very slow process. At 330°C., the reaction is more than 50% complete in 
30 minutes. Hydrogen chloride, bromide, and iodine rapidly reduce the hexafluoride 
to the tetrafluoride at 250°C. (49), and ammonia reacts even at cry-ice temperature to 
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form NI,UF;. Toward most organic compounds, uranium hexafluoride acts as a 
fluorinating agent. Alcohol, ether, benzene, toluene, and paraffin Lydrocarbons react. 
vigorously at room temperature to give hydrogen fluoride, UQel’:, and carbonaceous 
material. Solutions of uranium hexafluoride in some chlorinated hydrocarbons, 
however, are stable for several days; sym-tetrachlovoethane appears to form particu- 
larly stable solutions. The completely fluorinated hydrocarbons are completely inert 
to the hexafluoride. The fluorine-containing polymers polytetrafluoroethylene (Tef- 
lon) and polychlorotrifluoroethylene (fluorothene Kel-F, CF-3) are resistant to ura- 
nium hexafluoride and are very useful materials for its manipulation (see also Vol. 11, 
pp. 687, 691). 

Preparation. Uranium hexafluoride is commonly prepared by the direct fluorina- 
tion of uranium tetrafluoride: 


UF, -+ Fy ~~ UF; 


This reaction becomes rapid above 250°C, All uranium compounds are converted 
to uranium hexafluoride with elemental fluorine. The temperature conditions for 
complete fluorination of uranium oxide, for example, are more severe, however, and the 
consumption of expensive fluorine for the production of undesired by-products be- 
comes excessive when materials other than uranium tetrafluoride are used as starting 
materials. Elemental fluorine or a strong fluorination agent such as cobalt(III) 
fluoride are required to produce uranium hexafluoride. Certain reactions are known, 
however, which yield the hexafluoride without the use of elemental fluorine. The 
most interesting of these is the treatment of the tetrafluoride with oxygen at elevated 
temperatures: 


800°C. 
2 Ur, + O» ——, UF; + UO.F, 


While the yields are low and recycling of the uranyl fluoride is required, nevertheless 
this procedure is of interest since no elemental fluorine is required at any stage. 
Uranium hexafluoride is in the eategory of highly reactive compounds and con- 
sequently problems are encountered in its handling. In the laboratory, properly 
cleaned glass equipment can be used. On a large scale, metal equipment, usually 
made of copper, nickel, or aluminum, is preferred, These metals are commonly used 
with elemental fluorine since they are self-protecting by the formation of a tightly 
adherent layer of fluoride. Since uranium hexafluoride is very sensitive to traces of 
moisture, it is necessary that all equipment be very dry and that precautions be taken 
against the entry of water. A common impurity in uranium hexafluoride arising often 
from traces of moisture is hydrogen fluoride which must be removed if the hexafluoride 
is to be handled in glass; even in metal equipment small amounts of hydrogen fluoride 
may greatly increase corrosion. Uranium hexafluoride containing gross amounts of 
hydrogen fluoride when pumped on at, ~80°C. forms a constant evaporation mixture 
containing about 2 mole per cent hydrogen fluoride; if this mixture is then treated 
with potassium fluoride, the hydrogen fluoride is removed by the formation of KHF:. 


Uranium Nitrate. 


The only known nitrate of uranium is uranyl! nitrate. 

Uranyl nitrate (uranium(VI) dioxydinitrate), UOQ.(NOs)2.6H,O, formula weight 
502.18, is perhaps the most important of the water-soluble compounds of uranium. 
It forms three well-characterized hydrates containing six, three, or two molecules of 
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water. The hexahydrate is obtained by crystallization from water or dilute nitric 
acid; it is the familiar yellow salt of commerce commonly designated as UNH, The 
uranyl nitrate-water system has been studied by Marshall, Gill, and Secoy (25). 
See Figure 1. The heat of formation of UO.(NOs)2.6120 is —764.3 kg.-cal./mole 
and the entropy S273 is 120.85 cal./(mole)(°C.). The crystal structure of the hexahy- 
drate is orthorhombic, with lattice parameters a; = 11.44, a = 13.18, ag = 8.04 A.; 
there are 4 molecules per unit cell and the caleulated density is 2.74 g./cu.cm., 

One of the properties of uranyl nitrate which makes it a compound of importance 
is its solubility in organic solvents. The ready solubility of uranyl nitrate hexahydrate 
in diethyl ether has been known for a hundred years, and the ability of water-immis- 
cible organic solvents to extract uranium from aqueous nitrate solutions has been used 
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Fig. 1. The solubitity of uranyl nitrate in water (25). 


for purification of uranium. To facilitate extraction of uranium into nonaqueous sol- 
vents, it has been found convenient to use metal nitrates as salting agents; ammonium, 
calcium, aluminum, and ferric nitrates are typical of the salting agents. In the pres- 
ence of such salting agents, it appears probable that the uranium is extracted as the 
trinitratouranyl ion, [UO.(NQ;)3]-. Although diethyl ether has received much atten- 
tion, solvents such as other ethers, ketones, alcohols, and others have also been 
studied; Katzin and Sullivan (20) give numerous phase diagrams of uranyl nitrate- 
water—-organic solvent systems and may be consulted for details. 

An engineering study of the extraction of uranyl nitrate by diethy! ether has been 
made by Jodra, Luina, and Oroz (18) using two types of extraction columns; one was a 
spray tower and the other a column packed with Raschig rings. Data for values of 
transfer coefficients, heat transfer unit, and heat-equivalent-to-a-theoretical-plate are 
given for both types of columns. 


Uranium Oxides. 


The uranium-oxygen system is one of the most complicated oxide systems in the 
periodic table. The law of definite proportions does not apply unambiguously to a 
system such as that of uranium and oxygen; the oxidation-reduction potential of 
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uranium is such that oxygen can be continuously added to or removed from a crystal 
of a given uranium oxide. Gain or loss of oxygen is compensated for by change in the 
oxidation state of the uranium atoms. In the uranium-oxygen system, it is possible 
to produce continuous infinitesimal changes in composition, and, rather than com- 
pounds with a definite stoichiometric composition, phases with a range of compositions 
exist. The situation is further complicated by the variation of the stable range of 
compositions for a given phase with temperature. Thus “UO,” actually refers to a 
phase which has the same crystal structure and can vary in composition between 
UOs.u9 and about UOe.0 without marked change in the crystal type. A detailed dis- 
cussion of the uranium-oxygen system would thus require an analysis of these compli- 
cated phase relationships; for this, see references (16,19). In Table XI are summar- 
ized in a condensed and simplified form some pertinent facts about the phase relations 
in the uranium-oxygen system. However, much of the technological interest in the 
uranium oxides is centered in the oxides of “‘composition’? UOs, UsOs, UO:, and UO,.- 


TABLE XI. Phase Relations in the Uranium-Oxygen System. 

















At 200°C. At 1000°C. 
Composition Phases Crystal type Composition Phases Crystal type 
WOen0-U022,5 Mono~ Fluorite (Us, tape) UOeo0-U022, Diphasic Vluorite -- g-UOQ;- 
phasic (WOx95) 
UOsr.25-WO23  Mono- Fluorite (p-UQ2) UO225-UO259 Diphasie 8-UOe + ortho- 
phasic changing to tetrag- rhombic 
onal 


Diphasic® Fluorite + tetragonal 
UOe.-UOa.5 Diphasic Tetragonal + ortho- UVersg-UOne2 Mano- Orthorhombic 


rhombic phasic 
Diphasie B-UO2 + ortho- 
rhombic 
UOr2.g0-UOs.00 Moti- Orthorhombic (UsOg UO2.92-UOs-00 Thermally unstable 
phasic structure) 





* Number of phases depends on whether sample was heated above 200°C.; in heating above 
200°, compositions in the range UOs.2;-UOe.s decompose into a mixture of UO, and UQz.5 (8-UOs,, 


TABLE XIL Physical Properties of Uranium Oxides. 





Formula U0, TOs U0; U04..2H20 
M.p., °C. 3000 -& 200 1450 (dee.) 450 (dee.) 100 (dee.) 
Thermochemical data 
AH®, kg.-cal./mole — 259.2 —853.5 —201.6 —436 
AF, kg~cal./mole — 216,60 — 804 — 273.1 _ 
8°, cal. /(mole)(°C.) 18.63 66 23,6 _ 
Crystallographic data 
Cryst. form Facc-centered cuhie Orthorhombic Hexngonal Orthorhombie 
Lattice parameters, 
A. 
a 5.468 6.721 3.971 8.74 
alg —_ 3.988 ~~ 6.50 
a —_ 4.149 4,168 4,21 
No, of molecules per 
cell 4 2/3 1. 2 
X-ray density, 


g./cu.cm, 10.417 . 8.39 8.34 | 5.16 
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2H.0, and attention here will be focused on these. For convenience a number of the 
important physical properties of the oxides are collected in Table XII. 

The oxides of uranium, like other oxides, undergo a great variety of chemical 
reactious in addition to interconversions. Some of these are indicated in Table XIII. 


TABLE XIII. Chemical Reactions of Uranium Oxides. 











Praduct 

Reagent Temp., °C. With UO: With Us08 With U0Os 
co 350 No reaction No reaction U0. 

750 No reaction U0, U0. 
HF (g) 550 UF, UO, + UF, UO. 
CCl, 400 UCh UCL + UCIs UCh + UCI, 
Ch 900 U0:Ch UOLCls — 
SeCle 450 UCL UCL UCh 
HBr 800 No veaetion U0zBre UOBry 





The refractory nature of the uranium oxides has led to the preparation of uranium 
refractories that are useful in the handling of uranium at high temperatures. Details 
of the fabrication of such erucibles have been given by Eyerly, Lambertson, Kraft, and 
Corwin (11). 

Uranium dioxide, UO., formula weight 270.07, is prepared by the reduction of 
UO; or Us0s: , 


700°C. 

U0; + Hs vo, + HO 
350°C, 

v0; + co 2". vo. + CO, 


750°C. 
TOs +2 CO > 8 UO, + 2 COs 


The color of uranium dioxide varies from brown to black. Very finely divided 
uranium dioxide, prepared, for example, by the thermal decomposition of uranyl 
oxalate is frequently pyrophoric; the pyrophoric form is commonly black and the 
oxide of lower reactivity brown. Ignition at 700°C. in air forms 20s. 

Triuranium octoxide, U;Os, formula weight, 842.21, is that oxide of uranium 
which results from the ignition of any uranium oxide and indeed of almost all uranium 
compounds in air. At 700°C., the oxide obtained has a composition very close to 
UOs.esr or Us03. The oxide can be from olive-green to black-green or black in coloy. 
The higher the temperature of ignition the blacker the color, although even the black- 
est U;03 samples give a green streak. Since 130s is the stable uranium oxide on igni- 
tion in air, it occupies an important place in uranium technology, with many uranium 
compounds being prepared from U;0, and ultimately ending up as U3Os again. 

Uranium trioxide, UO;, formula weight 286.07, can be obtained by’ the thermal 
decomposition of uranyl nitrate hexahydrate or ammonium diuranate; these two 


compounds are the usual final products from the ore extraction and purification pro- 
cedure: 


350°C. 
TOANOs)2.6Hx0) ——+> U0; + N20, + 6 HeO + 14 Og 
350°C. 





(NIG) Uy 07 + 2UOy ++ Ino + 2 NHusg 


Since wanium trioxide may undergo thermal decomposition at temperatures above 
450°C., it is usually desirable to carry out its preparation at temperatures below 400°C. 
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in order to avoid formation of U,Os. It requires very careful control of the tempera- 
ture to prepare a trioxide which on the one hand does not contain nitrogen because of 
incomplete ignition or, on the other hand, is free of UsOg, Uranium trioxide ranges in 
color from light yellow to orange to brick-red. It exists in an amorphous form and 
at, least four crystalline modifications. The amorphous form may be prepared by the 
ignition of uranyl peroxide, UO,.2H20, or uranyl oxalate at 380-400°C. Crystalline 
phases I, TI, and IIT (arbitrary designations) are prepared by the oxidation of U;0s 
with molecular oxygen at 450-750°C. at oxygen pressures of 30-150 atm. Phase III, 
the most stable thermally, results also from the decomposition of uranyl] nitrate at 
temperatures below 400°C. Phase IV is the brick-red form resulting from the oxida- 
tion of U0 with nitrogen tetroxide or atomic oxygen at 250-350°C. Amorphous 
uranium trioxide begins to decompose at 400°C. in air; between 520 and 600°C. an 
oxide of composition UOy.0 forms, and further heating at 600°C. results in the forma- 
tion of UsOs. The decomposition of phase IV also begins at around 400°C., but if the 
solid is heated in air for several days, oxygen is reabsorbed and phase III, which is 
stable in air to 600°C., results. 

Uranium Peroxide. Although anhydrous UO, does not exist, the dihydrate, 
UQ,.2H,0, is readily prepared by addition of hydrogen peroxide to aqueous solutions 
of uranyl] salts. This hydrate is one of the least soluble compounds of uranium known, 
and can be precipitated from quite acid solution. When it is dehydrated, it looses 
water and oxygen simultaneously until the lower oxides UO; or U;0g, depending upon 
temperature, result. Finely divided and reactive uranium trioxide can be made by 
the careful ignition of UO4.2H,0. 

Mixed Oxides. Considerable attention has been devoted in recent years to 
mixed oxide systems. Lambertson and Mueller (21) have made a detailed study of 
the UO.-AbOs, UWOx-Mg0, UOe-ZrOo, and UO-ThOs, systems. The U0.-AlL0s 
systems show a simple eutectic at 1930°C. with no compounds or solid solutions. The 
U0O+Mg0 system likewise shows a simple eutectic with no regions of solid solution or 
compound formation. The UOs.-ZrO, system, while it shows no new compounds, 
contains extensive regions of solid solution; cubic UO. can dissolve more than 40 
mole per cent ZrOs, while tetragonal ZrO can dissolve 20 mole per cent of UO, The 
U0.-ThO, system forms a continuous series of solid solutions over the entire composi- 
tion range. Data on other ternary systems exist, particularly on UOz and U3Os sys- 
tems with lanthanide oxides (PryOn, Nd2Os, ErO3); such systems have interesting 
electrical properties as do the uranium oxides themselves (13,31). 


Uranates and Polyuranates. 


An important class of compounds related to the uranium oxides is the metal 
uranates and polyuranates. The alkali metal polyuranates are obtained by the 
addition of alkali hydroxide to an aqueous solution of uranyl (UO§*) salt. The pre- 
cipitates so obtained are complex in composition, Two polyuranates are formed, 
NagU1sO45 (yellow) and Na:U20; (orange). When Nagl1eQus is washed with water, itis 
converted to yellow Na,U;Ox. In the presence of excess alkali, the species which is 
stable is NagU;Ox. The compound obtained by. addition of ammonia to uranyl solu- 
tions is usually given the formula (NH4)2U.07 but detailed investigation may discover 
complexities here also. Compounds of this cluss may also be prepared by fusion of 
U,03 or UOs with a metal chloride (with the addition of: metal chlorate to facilitate 
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oxidation of the uranium), or by ignition of metal uranyl double sults, for example, 
Me(U0,)o(CyH:O2)5.6H2O or BaUO.(C,0.)2. By the use of the latter procedures, 
simple uranates of the formula NazUO, or MgUOs, can be obtained. 

The metal uranates and polyuranates are highly insoluble in water; uranium is 
frequently precipitated from aqueous solution as ammonium or sodium polyuranate 
because of the very low solubility of these compounds. These compounds are readily 
soluble, however, in acids. The uranates and polyuranates usually undergo a re- 
versible loss of oxygen on heating to elevated temperatures, Ammonium diuranate, on 
the other hand, undergoes thermal decomposition to yield UOs. 


Uranium Sulfates. 


Uranium(LV) sulfate, U(SO,)s, formula weight 480.21, forms a tetra- and octa- 
hydrate on precipitation from water. The octahydrate is precipitated from weaky- 
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Fig. 2. Phase diagram tor the system urany! sullate-water (35). 


acid solution between 0 and 75°C., whereas the tetrahydrate is formed from strongly 
acid] solution in this temperature range. The stability ranges of the various uranium- 
(IV) sulfate hydrates have been given as: 
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68°C, . 100°C. 200°C, 
U(S0.}..8H20 —— U(S80,)2.4H.0 ———> U(80.)2.2He) ———> 


ag 


_ _ goaec. 
U(S04)2.1-3 FO ———> U(S01)2 


Uranium(IV) sulfate exhibits retrograde solubility and the material is more soluble in 
water at low temperatures than at higher ones, Uranium(IV) sulfate undergoes 
hydrolysis to form the sparingly soluble basic sulfate, VOSO,.2H2O. 

Uranyl sulfate exists usually as the trihydrate, UO.S0.3H.0. The phase dia- 
gram of the uranyl] sulfate-water system has been given by Secoy (35), und is shown 
in Figure 2. 
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UREA AND UREA DERIVATIVES 


Urea (varbamide), NHzCONF:, may be considered to be the amide of carbamic acid, 
NH-COOH, or the diamide of carbonic acid, CO(OED:. It is a white odorless erystal- 
line solid with a cool saline taste resembling sodium nitrate. In mammals, it is formed 
curing the decomposition of proteins (q.v.) as the chief final procluct of nitrogen metab- 
olism and is excreted in the urme. 

Urea has found many industrial uses, among the most important being: in agri- 
culture as a fertilizer and as an ingredient in feed for ruminants; m urea-formaldehyde 
resius; as a solubilizing agent for proteins and starch; as an ingredient in softeners for 
cellulose products; as an acid-acceptar; and in medicine. 

Knowledge of the chemistry of urea has been accumulating since the latter part 
of the 18th century. In 1773, an alkaline nitrogenous substance that yielded carbonic 
acid and ammonia on bacterial fermentation was extracted from the solid residue of 
evaporated urine by Rouvelle. In 1821, pure urea was isolated from urine by Prout, 
and in 1828 urea was synthesized by Woéhler from ammonia und cyanic acid. This 
famous synthesis of Wohler’s is sometimes cited as the first synthesis of an organic 
compound from inorganic compounds. Urie acid (q.v.), first reported in 1778 as a 
constituent of urme, was first synthesized by fusing urea with glycine, NIT,CH,COOH, 
anc later hy heating urea with 3,3,3-trichlorolactic acid. 


Physical and Chemical Properties 


Constants, M.p., 182.7°C. (dec.); di’, 1.835; n¥, 1484 and 1.602; heat of 

fusion, AH = —5.78 to —6.00 cal./g.; heat of combustion, 2531 cal./g.; heat of 

_ solution in water, — 57.8 eal./g.; free energy of formation at 25°C., —47,120 cal./mole 
(solid); sp. heat at 20°C., 0.820 cal./(g.)(°C.) (4). See also Vol. 1, pp. 743, 744. 
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TABLE I, Solubility of Urea in Water. 





is Soly., 2/100 ye, Approx, spugr. 
Temp, °C. soln. of sated. soln. 
ay) 52 0 1.448 
40 62.5 1,165 
60 71.6 1,180 
80 80.0 1.1938 
100 88.0 1.204 








TABLE II. Solubility of Urea in Alcohols at 30°C, 


~Boly., £./100 gs. 








Alcohol aleoho 
Methyl... 0... ects 27.7 
Wthyl cee tenes 7.2 
M-Propyl. 2... cece cee ees 3.6 
Tsobutyl.. 0. eee ee tee eee 2.3 
Tsoamyl.. 2.00... eee eet eee ee 1.6 








Urea sublimes under vacuum at temperatures just below and up to its melting 
point. It is readily soluble in water (see Table I), aleohols (see Table ID), and liquid 
ammonia. It is only slightly soluble in ethyl ether, ethyl acetate, and pyridine at 
room temperature. Urea is somewhat hygroscopic and absorbs moisture from the 
atmosphere. 

Reactions (4). Although in most of its reactions urea behaves as though it had 
the formula NH,CONHg, it reacts with alkylating agents to give O-alkyl derivatives of 
the hypothetical enol form, HN=-C(OH)NFh, called pseudourea or isourea. The 
alkylution reactions, its action as a monoacid base to form salts having the cation 
H.N+=C(OH)NAjg, and certain physical properties of urea have led to the assumption 
that it is a resonance hybrid of two zwitter ions (II and the same structure with the 
charge on the other nitrogen) and probably also the carbamide structure (I): 


:0: “0: 
TAG es AN: GiNutt 
H H #H 
(I) (IT) 


Urea undergoes a number of reactions on heating above its melting point. At 
150-160°C. it first decomposes to yield ammonia, ammonium cyanate, NH,OCN, and 
biuret, HN(CONHp:)2. As the temperature is raised further, other products m- 
cluding the cyclie compounds cyanuric acid, C3N;(OH)s, and ammelide, NH:C;(OH)s, 
are formed. See also Vol. 4, pp. 681-82. 

Neutral solutions of urea are hydrolyzed yery slowly in the absence of microorgan- 
isms to aramonia and carbon dioxide: 


NH.CONH, -+ H,Q ———> 2 NH); + CO 
Hydrolysis is hastened by higher temperatures, addition of either acids or bases, 
presence of the enzyme urease (see Vol. 5, p. 759), or increase in the concentration of 


urea, No hydrolysis inhibitors are known. . 
Hypochlorite, hypobromite, or acid permanganate solutions oxidize trea to carhon 
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dioxide, nitrogen, and water. Chloroureas, prepared by the action of chlorine or 
hypochlorites on well-cooled solutions of urea, serve as a route to hydrazine (q.».). 

Urea, acting as a monghasic compound, forms salts with mineral acids, such as 
nitric, sulfuric, phosphoric, and hydrochloric, and with some organic acids, notably 
oxalic and aectic. 

In liquid ammonia, urea reacts with alkali metals or alkali metal amides to form 
metallic salts such as NHzCONHNa and CO(NHNa),. Aqueous solutions of urea act 
on silver oxide to form the disilver derivative, COCNHAg),, A dimercury derivative 
can be similarly prepared. 

Ureasulfenic acids, such as CO(NHSO;L):, have been prepared. Urea reacts 
with sulfur trioxide to yield the monosulfonic acid, NHsCONTISO,H, which reacts 
further with sulfuric acid to give sulfamic acid (q,v.), NH,SO;H. Sulfamic acid is 
also synthesized by the reaction of urea with chlorosulfonic acid. 

Urea, forms crystalline complexes with a large variety of morganic and straight- 
chain aliphatic organic compounds (see under “Uses”). Among the inorganic com- 
pounds are: sodium chloride, ammonium chloride, and salts of copper, silver, gold, mag- 
nesium, zinc, cadmium, chromium, aluminum, mercury, and lead. With hydrogen 
peroxide urea forms a crystalline compound, CO(NH2)2.H.0,, which is stable below 
80°C. (see Vol. 10, p. 82). 

The primary condensation product between two moles of formaldehyde and one of 
urea is dimethylolurea, CO(NHCH:0H), (see under “Derivatives”’), 

Urea reacts with malonic acid (q.v.) or its diesters to form barbituric acid (qv) 
(malonylurea). Derivatives of barbituric acid are widely used as sedatives. 

Ethyl aleohol reacts with urea at elevated temperature and pressure, or with 
urea nitrate, NA,CONH:.HNO;, and sodium nitrite, to form urethan (qwv.), NH 
CoOoCH.. 


Manufacture 


Urea is produced commercially by synthesis from ammonia and carbon dioxide: 
2 NH; + CO, ———> NH.CONEI + 10 


As an emergency measure in the U.S. and Canada during World War I, and for some 
time in Europe, the hydrolysis of calcium cyanamide was employed (4): 


CaCNe: + 3 H.0 ———> NH.CONH: + Ca(OH)e 


FROM AMMONIA AND CARBON DIOXIDE 


The overall reaction may be considered to be a combination of the following re- 
versible reactions (10) (see also Ammonolysis, Vol. 1, p. 840): 


2 NH + CO. NH:COONH, 
_ NHLCOONH, === NH.CONF + TIO 








The ammonium carbamate, NIT,COONH,, is an important, unstable intermediate 
in this synthesis of urea. The solid carbamate is readily formed, with substantial 
liberation of heat, so lorig as the partial pressure of ammonia plus carbon dioxide 
exceeds the dissociation pressure of ammonium carbamate (about 1 atm. at 60°C., 
and about 7 atm. at 100°C.). The further reaction of ammonium carbamate to form 
urea takes place in the liquid or solid phases only, the equilibrium conversion being 
reduced by the presence: of water. A quantitative thermodynamic study of these 
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reversible reactions has been made by Frejacques (7). The reactions involved do not 
require the intentional addition of a catalyst. 

Purification of Raw Materials (10). It is necessary to remove sulfur compounds, 
oxygen, and inerts from the feed. Sulfur compounds are often associated with carbon 
dioxide, and are said to be undesirable. The presenee of oxygen in the reactor leads to 
‘corrosion problems and is undesirable. Inert gases affect the process economies by (1) 
requiring @ higher total pressure to attain a given degree of equilibrium conversion, 
and (2) necessitating the taking of a gas purge at some point in the process, with conse- 
quent possible loss of reactauts. See also Ammonia. 

Synthesis (10). Urea can be produced economieally in a “onve-through” syn- 
thesis if there is other use for the unreacted ammonia, and if there is a sufficient, 
supply of carbon dioxide. In such installations, the off-gas ammonia from urea syn- 
thesis can be converted to nitric acid, ammonium sulfate, ammonium nitrate, etc., and 
the off-gas carbon dioxide wasted. 
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COg+NH3+ 
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solution pump 





Recycle NH3 


Fig. 1. Solution recycle process (10). 


In many cases, however, a urea plant must be self-contained, and the unreacted 
olf-gas must be recycled. To accomplish this, four types of manufacturing processes 
have been used commercially, the processes differing chiefly in the manner in which the 
unreacted ammonia and carbon dioxide are recycled to the reactor. 

The problem encountered in recycle is potential deposition of solid ammonium 
carbamate when the recycle gas is compressed. This has been solved in four ways: 
(1) by recycling ammoninm carbamate in water solution; (2) by recycling an oil 
slurry of ammonium carbamate; (8) by maintaining the recycle gases at so high a 
temperature thal ammonium carbamate cannot form; (4) by separation of the am- 
monia from carbon dioxide and recycling either the ammonia alone (if there is an excess 
of carbon dioxide available) or both components in relatively pure form. The four 
Lypes of processes are described below. Flow diagrams are shown in Figures 1-4. 

Solution Recycle Process. Portions of this process are covered by patents assigned 
to du Pont (15,16). A variant of this process has been developed by Montecatini 
in Italy,.and is available through the M. W. Kellogg Company. 

Recycling of ammonia and carbon dioxide as an aqueous solution of ammonium 
carbamate tends to reduce conversion to urea because of the presence of so much water 
in the system, This is compensated for by using high reactor temperatures (200- 
210°C.) to give a higher reaction rate and by maintaining an excess of 8~5 moles of 
ammonia. These conditions require, in turn, very high reactor presstires (about 
400 atm.). Because of the high excess ammonia in the system, it is possible to strip 
mosl of il away from the reaction solution and recycle it as anhydrous liquid ammonia. 
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Overall yields are reported to be well over 90% on ammonia and carbon dioxide. 
A conversion per pass of 70% on carbon dioxide (compared with normal 40-15% at 
170°C.) reduces compression requirements somewhat. 

Plant investment is high because of the high operating pressure and the necessity 
for using silver-lined reaction equipment. The higher temperature increases the cor- 
rosion problems; in spite of the silver-lined equipment, corrosion troubles have been 
experienced, 


Compressor Reactor Carbamate stripper 









NH3+COg Recycled 


) Oil separator 





Carbamate ~oil 


Corbamate cooler 
slurry pump 


Fig. 2. Oil slurry recycle process (10). 


Oil-Slurry Recycle Process. This process was developed by Pechiney in Frauce 
and is available through Foster-Wheeler Corporation. This process is being used by 
John Deere & Co, and the Grace Chemical Co. 

The recycle gas stream is conducted under a pressure of a few atmospheres to 
internally cooled and agitated vessels, through which mineral oil is circulated. Here 
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Fig. 3. Hot gas recycle process (10). 


the ammouia and varbon dioxide readily condense to solid carbamate, which is dis- 
persed in the of, This crystal slurry (temperature uot higher than 45°C.) is then 
pumped into the reactor, which operates at 180°C. and 200 atm. pressure. Apart 
from its function as carrying vehicle for the carbamate, the oil also helps control the 
reactor temperature by taking up liberated heat, which is partially released in the 
stripper. 

A vield of about 98% on both ammonia and carbon dioxide is claimed without 
purge recovery and with a carbon dioxide feed of 98% purity. With a carbon dioxide 
purity of 99.5%, yield may go up to better than 96% on ammonia, Corrosive condi- 
tions (high temperature) oceur only in the reactor, which is a lead-lined shell without 
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any internal cooling device. The presence of oil is claimed to reduce corrosion in the 
ibsece of oxygen. 

Hot-Gas Recirculation Process. J. G. Farbenindustrie at Oppau compressed the 
recycle gas mixture in five stages up to 120-130 atm. im uncooled compressors. Be- 
tween Compression stages air cooling was provided; this, however, had to be very 
carefully controlled so that solid carbamate would not be formed, Recyele of hot 
gases imposed a greater cooling load on the reaction system than would be the case 
when feeding cold carbon dioxide and liquid ammonia, and required the use of a two- 
stage reactor to control the reaction at the desired temperature of 160-170°C. Heat 
was carried off by water boiling inside the tubes under regulated pressure. 

Overall yield of urea was reported to be 93% on ammonia and 83.59% on carbon 
dioxide, 

The first reactor stage was packed with a umber of lead-covered cooling tubes. 
The reeyde compression system also contributed to an obviously high plant. invest- 
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Fig. 4. Inventa process. 


ment. Operation of this plant was difficult and required an exorbitant maintenance, 
‘This process may now be considered outdated. 

Ammonia and Carbon Dioxide Recycle Process (15,6). Although several differcut 
methods have been proposed for accomplishing the separation of unreacted ammonia 
and carbon dioxide to permit recycling as pure components, the first that achieved 
commercial success is the ammonia absorption process of Inventa A.-G. of Luceme, 
Switzerland. This process, operating al the plant of Holaverzuckerungs A.-G. in 
Ems, Switzerland, is offered by The Vulean Copper and Supply Company in the U.S. 
Another process, using an absorbent for carbon dioxide to achieve the separation, has 
been developed by Chemical Construction Corporation at the Sumitomi Chemical 
Company plant in Japan. 

Purification of Crude. Crude urea contains biuret. which is formed to some 
extent whenever urea is heated in the neighborhood of its melting point or above 
The final product will contain varying amounts of hiuret, depending on the purification 
process, o 
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Crystal Urea. Crystal urea is the highest purity urea available in ton quantities 
and is packaged in 100-lb paper bags. It is obtained by erystallization from solu- 
(ion and centrifugation and, as praduced in the U.S., contains a minimum of biuret 
(uot more than about 0.05% biuret) and other impurities. 

Urea, UWS.P., is prepared from crystal urea, 

Shotted Urea. To provide the greater case of handling required by some end 
uses, crude urea is made available in various granular and ‘‘shotted” forms. Shotting 
is presumably accomplished in an operation similar to the shotting of lead. 


Economic Aspects 


Tn 1951, it was estimated that the investment in a plant producing about LOO tons/ 
day would be between $12,000 and $20,000 per daily ton (10). 

Table III gives preduction of industrial (erystal) urea for some of the years from 
1935 to 1951, The market price early in 1955 for industrial urea (crystal—46% N) 
was $0.06-0.065/Tb., and for the U.8.P. grade $0.12/lb. 


TABLE IIL. U.S. Production and Imports of Urea (Fertilizer Compositions Excluded). 








Produetion, Imports, 
Year tons tons 
1935" 800 3,935 
1939° 10,000 820) 
1940° 15,000 _ 
1941" 25,000 _ 
19437 38,350 _ 
1947° 47,000 1,266 
19487 > 60,000 9,521 
1949° 250 , 000 — 
1950° 300,000 — 
1951" 220 , 000 _— 





* Reference (12): fertilizer compositions excluded. 
+ Reference (5a); including fertilizer compositions, which accounted for about 10% of the total. 


In the U.S., E. I. du Pont de Nemours & Company, Inc. began production of 
synthetic urea in 1935 and Allied Chemical and Dye Corporation about 1949. The 
Deere Company and Grace Chemical Company began production of urea early in 
1955. 


Specifications and Analysis 


One mauufacturer of crystal urea specifies that its product should be a crystalline 
solid, uniformly white in color, aud free from brown lumps and other foreign material. 
It should mect the following specificatious: pH of a 10% solution at 20°C., 7.0-9.8; 
water, 0.5% maximum; ash, 35 p.p.m. maximum; iron, 2 p.p.m. maximum; free 
ammonia, 40 p.p.m. maximum; color, A.P.H.A, (see Vol. 4, p. 248) (10 g. in 100 ml. 
methanol), 10 maximum; turbidity, A.P.H.A. (50 g. in 100 ml. water), 30 p.p.m. 
maximum, 

Standard analytical methods are used for the determinations of the pH and ash 
content. Water is determined by the Karl Fischer reagent method. The amount of 
iron present is delermined spectrophotometrically by converting the iron to salts and 
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measuring the pink color formed upon the addition of thioglycolic acid. Free am- 
monia is ascertained by titration with 0.01 N hydrochloric acid using methyl red as 
indicator. ‘Turbidity is measured spectrophotometrically. 

Other determinations that may he made by the manufacturer are copper content 
(spectrophotometrically), formaldehyde color (A.P.H.A.), buffer strength, alkalinity, 
ammonium salts, and nitrogen content (Kjeldahl method). ‘This last is the official 
method of the Association of Official Agricultural Chemists. 


Uses (3) 


Among the most important uses of urea is as an ingredient in urea-formaldehyde 
resins and plasties (see Amino resins and plastics). These resins are widely used: as 
adhesives (q.v.) for plywood (q.v.), veneers, and composition boards (see Wallboard); 
as a molding powder; and as finishes or additives for textiles (see Teatile technology, 
Vol. 13, p. 901), paper, and metals. For 1953 the U.S. Tariff Commission reported 
for urea-formaldehyde-type resins a production of 194,387,000 Ib. and sales of 178,- 
975,000 Ib. (both on the dry basis) at a unit value of $0.25/Ib.: 

Urea can also be used in the preparation of barbituric acid (y.v.), caffeine (q.v.), 
ethyleneurea (2-imidagzolidinone), NH. CO.NH.CT2CHa, hydrazine (q.v.), mela- 


mnie, sulfamic acid (¢.v.), guanidine, and urea peroxide. 

Urea is used in the manufacture of fertilizers (see Vol. 6, p. 392). It has many ad- 
vantages over other nitrogenous plant foods since it is a highly concentrated source of 
available nitrogen (46.6% N), has good leach resistance in the soil, leaves no soil 
residues, and is noncorrosive to application equipment. It is also applied to the leaves 
of plants by spraying of an aqueous solution. 

When fed to ruminant animals (especially cattle) Lugether with a source of fer- 
mentable carbohydrate, urea supplics the uitrogen needed for the biochemical syn- 
thesis of proteins by the microorganisms of the rumen. (See also Vol. 6, p. 311.) 
Urea can be used as a source of nitrogen for yeast in fermentation processes. 

Urea is used as an ingredient in softeners for a wide variety of products based on 
cellulose, including glassine and other papers, cellophane, celluluse sponge and yarn, 
and wood. With wood, urea serves to retard end-checking of boards during drying, and 
facilitates bending. 

Addition of urea to solutions of casein, animal glue, gelatin, and starch causes a 
reduction in viscosity and permits the usc of higher concentrations of active ingredient 
i such uses as sizes and adhesives for paper products. Urea has a synergistic effect 
on gelatin-sulfonated oil sizes for textiles. 

Urea is used in some deodorants to minimize tendering of fabrics by aluminum 
sulfate; in sume explosives to prevent accidental detonation which may oecur due to 
gradual build-up of acids; and in dentrifices, in an attempt to minimize decay resulting 
from acid-producing organisms. 

The formation by urea of crystalline adducts (“inclusion complexes’’) with straight- 
chain aliphatic compounds (9,18) is of importance in the resolution of certain mixtures, 
as, for example, in the separation of normal alkanes or olefins from petroleum fractions 
by contact with saturated aqueous solutions of urea. ‘The straight-chain compound 
fills the interstices normally present in urea crystals, and, when the complex is sepa- 
rated and placed in water, the urea dissolves, releasing the straight-chain compound, 

The complexes all seem to have the same melting point as urea, and none studied 
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so far are stable above 183°C. The stability of the urea complexes seems to vary 
directly with the chain length and inversely with the vapor pressure of the included 
compound. 

Tn general, urea will not form complexes with branched-chain or cyclic compounds, 
unless they contain a long enough straight chain somewhere in the molecule, and the 
branched or eyclic portion is uot too large. Thiourea, however, which also forms in- 
¢lusion complexes, will generally form complexes ouly with branched-chain and eyelo- 
aliphatie compounds and not with straight-chain compounds, aromatics, or terpenes 
(18). See also refs. (2,8, 14,17,18,19). 

Urea, is also used as & complexing agent in the fractionation of wool grease (¢.0.), 
especially in the separation of cholesterol. 

Urea is used medicinally as a diuretic (¢.v.); as a synergist for certain sulta drugs; 
and in veterinary medicine, with sulfur, to control coccidiosis of poultry. It promotes 
the healing of some wounds. Urea derivatives of organic arsenic compounds are used 
as amebacides (q.v.). Combinations of urea with stibanilie acid, p-NTHaCsHs8hO Ny, 
such as urea-stibamine (Stiburea), have been recommended for the treatment of kala- 
azar (see Vol. 2, p. 68). Certain derivatives of urea, such as Afridol Violet, have been 
tested for use us trypanocides (q.v.). 

Miscellaneous applications include its use with phosphoric acid to render paper 
and textiles fire-resistant (see Vol. 6, p. 553); as an ingredient in fire-resistaut paints; 
in skin creams and lotions to improve feel; as a component, of soldering fluxes; and ina 
mixture with biuret as a blowing agent for foamed rubber (see Vol. 11, p. 888). 
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Derivatives 


UREA SALTS 


Urea nitrate, NH,zCON Hy. IINOs, is one of the best known of these salts. It is 
formed on the addition of an aqueous urea solution to excess aquecus nitric acid, 
whereupon the salt precipitates in well-formed crystals and in nearly quautitative 
yield. The imsolubility of this salt in nitrie acid solution is so marked that precipita- 
tion of urea as the nitrate has been used in semiquantitative analysis. 

On treatment of urea nitrate with cold, concentrated sulfuric acid, nifrourea is 
formed: 


Tso 
NHLCONH». HNO, ———> NIRCONTHNOsz + Hi0 


Electrolytic reduetion of nitrourea yields semicarbazide, NH2zCONILNM. (see Aydru- 
zine and its derivatives, Vol. 7, p. 586). Nitrourea is more strongly acidic than acetic 
acid. It condenses readily with primary or secondary amines to form -substituted 
ureas: 

NICONHNO: + RNTH2———~>NIBCONHR + N20 + H:0 


Urea phosphate, NH»CONH,.HyPO,, has been proposed as a fertilizer (18,19). 

Metal salts of urea and complexes of urea with inorganic salis have been mentioned 
under “Physieal and Chemical Properties.” Urea peroxide, NHaCONH:.H.O,, is 
described in Vol. 10, p. 82. 


URETS 

Biuret, NH2xCONHCONTHI, (see also Vol. 1, p. 743), is one of the thermal degrada- 
tion products of urea, but forms in poor yield. Better yields are afforded by passing 
cyanic acid vapor into molten urea, and still better by the treatment of urea with 
thionyl chloride, SOC] This last method also yields small amounts of triuret, 
NH.CONHCONHCONH:. 

Biuret gives a violet coloration when treated with copper sulfate and excess alkali. 
This “biuret reaction” is useful in the detection of polypeptides and proteins (see Vol. 
11, p. 228). 

Biuret has been proposed as a startiug material in making amino resins (see Vol. 1, 
p. 752) but has certain undesirable properties and has achieved no known commer- 
cial suceess in this application (15). 


ALKYL- AND ARYLUREAS 


Both N- and O-substituted alkyl- and arylureas are known, the O-derivatives 
being referred to as iso- or pscudoureas (see p. 459). N-Substituted ureas are pre- 
pared by the action of cyanic acid on an amine, yielding mono- or asymmetrical di- 
substitution products; by the action of phosgene, COCh, on secondary amines to give 
the V,N’-tetrasubstituted urea; and by treating urea itself, at appropriate tempera- 
tures and in a suitable solvent, with primary amines, forming symmetrical disub- 
stituted ureas. 

Carbanilide (N,N‘-diphenylurea), CsH;NHCONHC,Hs, is prepared by the re- 
action of aniline with urea, of aniline with phosgene, or of aniline with phenyl iso- 
cyanate. Jor the properties of carbanilide see Amides, Vol. 1, p, 669. 

Pseudoureas, NH=C(OR)NHhb, are most conveniently prepared by the addition 
of an alcohol or phenol to cyanamide, CNN, in the presence of dry hydrogen chlo- 
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ride (11). More stringent conditions are required with phenols than with alcohols 
(3,20). O-Methylpseudourea has also been prepared by treating urea with methyl 
sulfate. 

As a class, the alkyl and arylureas are of little commercial importance today. 
However, 3-(p-chloropheuyl)-1 ,{-dimetliylurea (CMU), CICSEUNHCON(CHs)a, syne 
thesized by the reaction of p-chlorophenyl isocyanate with dimethylamine, m.p. 
169.8-170.4°C., and other N-alkylurea derivatives such as 3-phenyl]-1,1-dimethyhurea 
(PDU) are used as weed killers (qv.). 

A series of N.N’-diarylurea derivatives and their preparation were patented (21), 
for use as mothproofing agents. The most important member of this series is a di- 
phenylurea derivative, Mitin FI (10), from the condensation of the appropriately 
substituted 2-aminodipheny! ether and A-(8,4-dichloropheny!)carbamoy! chloride: 

Ig Pe 
ko. NHCONIE™ UI 


dh 
Other suggested applications for one or another of these substituted ureas have 
included uses in sweetening agents, as waterproofing and shrinkproofing agents for 
textiles, as humectants, and in pharmacentical applications. Treatment of the lower 
N,N’-dialkylureas with phenyl isocyanate affords a convenient method for preparing 
the lower alky] isocyanates (see also Phosgene (organic tsocyanates)). 


RNHCONHR -+ 2 GQH;NCO——32 RNCO + C.H,NHCONU CL; 


METHYLOLURUAS 


Dimethyloltrea (1,3-bis(hydroxymethy])urea, DMU), CO(NHCH.OH)s, formula 
weight 120.1, m.p. 126°C., heat of solution —25 eal./2. Dimethylolurea is available 
commercially as a white chalky solid (87-90% dimethylolurea) with a formaldehyde 
odor; m.p. 85-90°C.; d*° 1.32-1.385; pH of a 10% aqueous solution 8.0-8.5. The 
price early in 1955 was $0.20-0,2444/lb. 

The solubility of the commercial product in water at room temperatures is 15- 
20% by weight. Solubility increases rapidly with temperature until 80-85°C., where 
dimethylolurea is completely miscible with water. Unless the compound has been 
partially resinified by prolonged heating, a concentrated solution will deposit dimethy|- 
olurea on cooling. It is essentially insoluble at room temperature in most organic sol- 
vents, including methanol. However, in the presence of acid catalysts, dimethylol- 
urea dissolves in alcohols with the formation of the corresponding ethers. 

~ When the pH of a dimethylolurea solution is lowered, an insoluble, resinous 
precipitate will form at a rate depending on the acidity and the temperature of the 
solution. Precipitation is almost immediate at pH 3, and may be delayed for weeks at 
pH 7 and room temperature. 

Heating concentrated solutions of dimethylolurea near 100°C. will cause the slow 
formation of viscous, sticky, resin sirups, which remain fluid at room temperature. 
The rate of resinification is primarily dependent on the pH. At too low a pI value, 
immediate gelation occurs, and addition of further acid, even at room temperature, 
will cause the condensation of the sirup to an insoluble resinous solid. See also Amino 
resins and plastics, Vol. 1, p. 7-47. 
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Dimethylolurea has no specifie toxie characteristies of its own, but precantions 
applicable to the handling of formaldehyde should. be used. 

Dimethylolirea should he stored in a cool location, and prolonged storage should 
he avoided as it tends to become less soluble in water upon aging. However, if the 
material is (o be stored for a period of mouths and a highly water-soluble product is 
required, it is desirable to maintain if at 40°F. or below. 

Dimethylolurea has been used in the production of thermosetting molding resins, 
hot- or cold-setting resin adhesives, resin finishes, impregnation of textiles, mereasing 
the water resistance and hardness of protems, starches, and polyvinyl aleohol; ax ¢ 
hardening agent for plaster, etc., as an mtermediate in organic synthesis, and in the 
impregnation of wood to increase its hardness. 

Methylolureas of lower formaldehyde-urea ratios than im cimethylolurea are 
readily prepared by dissolving urea and dimethylolurea together in water, For ex- 
ample, monomethylolurea, HOCH:NHCONHzg, is formed on dissolving 2 parts of di- 
methylolirea with 1 part of urea. As the ratio of formaldehyde to urea is reduced, 
the product becomes inereasingly soluble in water; for example, monomethylohivea is 
soluble to the extent of 40-45% by weight. These methylolureas, however, are just 
as reaclily resinified as dimethylolurea or insolubilized by heating or by adcling acids. 

So-called alcoholated ureas or alcohol-modified resins used as coating materials 
are formed Joy reaction of urea with formaldehyde in the presence of an alechol. They 
ure complex derivatives in which the formaldehyde joins urea to the alcohol and also 
urea tonrea. The portion of the polymer with the grouping —CONCHL.OR (an ether 
of a methylolirea) can be called an N-alkoxymethylurea derivative; for example, 
N-butoxymethylirea (‘‘n-butylated urea”), See also Vol. 1, p. 758. 

ACYLUREAS, URETDES 

The acylureas of monobasic acids may be prepared by the action of the acid 
chloride or anhydride on urea. Prolonged heating with an excess of the chloricle leads 
to the formation of the V,V’-diacyl derivative. 

Certain of the class have found application as wetting agents, in dye applications, 
in the preparation of resins, and as pharmaceuticals, Taloacetylureas are stermuta- 
tors or lacrimators. 

Cyclic ureides, the acylureas of dibasic acids, include urie acid (¢.v.) (ound in 
mammalian and ayian excreta) and the important family of the barbiturates (q.v.). 
Riboflavin (qv) (vitamin B.), biotin (q.0.), and caffeine (g¢.v.) are among the eyctic 
compounds containing the urea nucleus that have biological significance, 

AMMONO ANALOGS 

The ammono analog of urea is guanidine (g.v.), NHeC(-=NIDNHy.  Guarylurea 
(dicyandiamidine), NELCONHC(=NH)NHe, and biguanide, NH.CG=NH)NHC- 
(==NFEDNAb, are the aquo-ammono and ammono analogs of biuret. Both are pre- 
pared from dicyandiamide, NH.C(==-NH)NHCN (Gee Vol. 4, 674). Many deriv- 
atives of guanylurea and of biguanide have been examined for antimalarial activity, 
and 1-(p-chlorophenyl)-5-isopropy|biguanide (Paludrine) has shown a pronounced 
effectiveness in this application (see Vol. 8, p. 671). 


THIO ANALOGS, THIOUREAS 
Thiourea (thiocarbamide), NH2CSNEH., occurs as colorless crystals whose struc- 
ture has been examined by Wyckoff and Corey (£7), It has no true melting point, 
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It, when heated rapidly, melts at about 178-80°C.  Thiourea has been found in 
nature in the laburnum shrub, and as the product of cortain fungus cultures, 

Thiourea is moderately soluble in water. At 25°C., a saturated solution con- 
tains 14.2 g. thiourea per 100 ¢. in water, 11.9 g. in methanol, and ahout 4 g. in ethyl! 
alcohol. It is consideralaly more soluble in liquid ammonia (64.9 g. per LOO g. saturated 
solution at 30°C.), and is also soluble in pyridine (12.5 g. per 100 g. solveut, at 20-25 °C. ; 
41.2 ¢. per 100 g. 50% aqueous pyridine at 20-25°C:) (18). 

Chemically, thiourea and its derivatives undergo many of the reactions of the 
ureas, and, especially m patent specifications, the thioureas are commotly cited as 
being equivalent to the ureas. In practice, owing largely to economic considerations, 
the thioureag have not enjoyed a comparable acceptanice. 

The chemical structure of thiourea is best represented as an equilibrium of the 
keto and enol forms: 

NH.CSNFL === NTLC(SH)=NH 


The enol form, particularly in the case of its derivatives, is known as pseudothiourea or 
isothiourea. 

Ou heating, thiourea first undergoes reversion to the equilibrium mixture with 
ammonium thiocyanate (see below}. Heating above the melting pomt in a sealed 
tube leads to extensive rearrangement, and substantial quantities of guanidine thio- 
cyanate are found in the reaction products. 

Thiourea forms salts, both with acids and bases, and mumerous examples of com- 
plex compounds of thiourea with metal salts are known, Like urea, thiourea forms 
adduets or occlusion compounds with certain organie materials (4) (see p. 466). 

Treatment of thiourea with heavy metal oxides, such as mercury oxide, in aqueous 
medium, removes the elemeuts of hydrogen sulfide and yields cyanamide, CNNHa2. 
This is one of the favored methods for obtaining substituted cyanamides, starting from 
the appropriately substituted thiourea, ; 

Alkylating agents lead to the formation of the S-substituted or pseudothioureas. 
Thus methyl] sulfate and thiourea form S-methylpseudothiourea sulfate: 


(CH;)804 + 2 NE:CSNH:—-—>( NH.C(SC-Hs)==NH 2. H280, 


This reaction, conducted in.aqueous solution, spontaneously forms the methyl hydro- 
gen sulfate of S-methylpseudothiourea as the first step, the reaction then bemg ¢om- 
pleted by boiling. The decomposition of S-mcthylpseudothiourea by hot alkali is 
useful for the preparation of methyl mercaptan, the side-reaction product being cy- 
anamide, which polymerizes at once to dicyandiamide (1): 


hot aq. 
NH,C(SCH;)-=NH —s CHSH + CNNH2 
alkKaly 


2 CNNH,-——__N#C(==NH)NHCN 
Acylating agents, such ag acid chlorides or anhydrides, react with thiourea to give 
the V-acyl derivative: 
NILCSNH, + RCOC]———-RCONHCSNIEI +. HC! 
Phenyl isocyanate will condense with thiourea to give a phenylthiobiuret : 
CsA;NCO + HieNCSNH.—-—_—->C. H,NIUCONTUCSNH, 


Thiourea condenses with aldehydes and with alkylene oxides to form N-hydroxy- 
alkyl derivatives. The condensation products with formaldehyde lead to resins. 
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Thiourea is isomeric with ammonium thiocyanate and, similarly to the urea-am- 
monium cyanate relationship, is formecl upon heating the thiocyanate to 140-80°C. : 


NH,SCN==——=N1ELCSN Ha, 


The equilibrium favors ammonium thioeyanate, the more so at higher temperatures, 
lying at 28.1% thiourea at 140°C. and 21.8% at 180°C. It is the establishment of this 
equilibrium that leads to the uncertain melting points reported for thiourea. See 
also Vol. 4, p. 737. 

A more effective method of preparing thiourea is the addition of hydrogen sulfide 
to cyanamide in aqueous solution under mildly alkaline conclitions. The use of moder- 
ate pressures increases the solubility of hydrogen sulfide, and hence favors the reaction : 


Thiourea, because of ils moderate solubility, is easily recovered from the reaction 
mixture. Thiourea can also be prepared from calcium cyanide, ammonia, and hydro-. 
gen sulfide, See Vol. 1, p. 744. 

Technical-grade thiourea is sold in 75-lb. paper hags. The price early in 1955 
was $0.40-0.42/lb. 

Thiourea is reportedly more toxic to plant life than is urea and hence is not a 
suitable fertilizer material. It is of a low order of toxicity to animal life, but is not 
_ without hazard (fla). Prolonged administrations inhibit the functioning of the thy- 
roid gland (1a), The toxic dose for rats and rabbits is about 10 grams per kilogram 
body weight. The onset of toxic results is quite sudden. Ingestion (rabbits) of 9 
g./kg. (stomach tube) resulted in no ill effects; 10 g./kg. in 50% deaths; 11 g./kg. in 
100% deaths (9). 

‘Thiourea was once a regular and important constituent of the urea- formaldehyde 
resins (see Amino restns and plasiies), owmg to the then relatively lower cost of thio- 
urea compared to urea. When this situation was reversed, the disadvantages of 
thiourea, in many resin applications fed to its near abandonment in this field. A 
relatively new proposal is the use of thiourea resins for fameproofing nylon (2). 

- Uses other than in resins, cither proposed or practiced, melude applications in the 
textile industry in the weighting of silk and as a dye bath adjuvant; in photography 
as a gold or sepia toner;-in agriculture, where thiourea hastens the sprouting of dor- 
mant tubers and also has pesticidal properties; in the metal trades as a pickling in- 
hibitor and in cleaning and plating baths; in the preparation of nonglare mirrors; 
aud as a raw material in chemical syntheses, as the synthesis of sulfathiazole. 

Substituted thioureas have heen prepared in great numbers, but few have achieved 
technical importance. Various thiourea derivatives have been found effective as 
tuberculostatic agents (see p. 848) and as antithyroid agents (see p. 134). Schroeder 
has prepared an excellent review of the preparation and biological properties of the 
thioureas (12), and Curphey has summarized their uses in organic synthesis (5). 

Thiocarbanilide (N,N’-diphenylthiourea), CoHsNIICSNHC)H,, enjoyed a one- 
time vogue as a vulcanization accelerator in rubber, but has been superseded by more 
powerful and less “scorchy” materials. Heating thiocarbanilide with carbon disul- 
fide and sulfur yields mercaptobenzothiazole (Captax), once of the widely used ac- 
celerators (6). (See also Vol. 11, p. 873.) Thiocarbanilide has also had some use as a 
flotation agent (see Vol, 6, p. 610). 

o-Naphthylthiourea (Antu), CyH7NHCSNAz,, is an economic poison with specific 
toxicity toward the common rat (see Vol. 10, p. 873). 
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Salts of thiourea and pseudothiourea. compounds ave sometimes named as “thi- 
wronhtim” or “isothiuronium’? compounds, in analogy with the naming of onium com- 
pounds (sce Vol. 9, p. 592), although these names have not yet been fully accepted. 
Thiuronium has been applied both to the N-substituted thiourea and pseudothiourea 
salts and to the S-substituted pseudothiourea salts, but isothdurontum only to the pseu- 
dothiourea compounds. Thus the compound NH,C(SCH;)}=NH.HCl might be 
named 2-methyl-2-thiopseudourea hydrochloride (C.A.), S-methylthiuronium chloride, 
S-methylisothiuronium chloride, methylisothiuronium chloride, or methylpseudo- 
thiourea hydrochloride. Similarly the compound NHsCSNHCHs.HCl might be 
named t-methyl-2-thiourea hydrochloride (C.A,), N-methvylthinronium chloride, 
methylthiuronium chloride, or methylthiourea hydrochloride. 
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UREA-FORMALDEHYDE RESINS. See Amino resins and plastics. 

UREASE, See Enzymes, Vol. 5, p. 759. 

UREIDES. See Urea (derivatives), p. 469. 
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The term urethan (urethane) has sometimes been used to designate the esters, more 
particularly the ethyl esters, of carbamic avid (the monoamide of carbonic acid), 
NH2COOH, and its N-substituted derivatives, RR’NCOOH. The urethans are 
typified by urethan (ethyl carbamate), NH,.COOC:H;. The urethan names are now 
being replaced by more systematic names, for example, CH;CH2CH,NHCOOC,4H,; is 
named ethyl propylearbamate (ethyl N-propylcarbamate) instead of propylurethan, 
and CsH;NHCOOCH; is named ethyl phenylcarbamate or ethyl carbanilate instead of 
phenylurethan. 

In general, derivatives of carbamic acid have been widely employed in the plastics 
field, as monomers, comonomers, plasticizers, and fiber and molding resins; in textile 
finishing; in agricultural chemicals, as weed killers (q.v.), fungicides, and insecticides; 
and in medicine, as hypnoties and sedatives, anticonvulsants, miotics, anesthetics, and 
antiseptics. 

Derivatives of dithiocarbamic acid, NH.CSSH, sometimes called thiourethans, 
are used as fungicides (see Vol. 6, p. 987) and in the rubber industry as vulcanization 
accelerators (see Hubber chemicals). 


Urethan 
PHYSICAL AND CHEMICAL PROPERTILS 

Urethan, U.S.P. XIV (ethyl carbamate), NH2COOC.H;, is a white crystalline 
solid, m.p. 49-50°C., b.p. 182-84°C., d# 1.0599, df’ 1.0280, d. (of the crystals) 0.8 (ap- 
prox.). Urethan has a vapor pressure of 54 mm. at 108°C., 108 mm. at 120.7°C., 
and 697 mm. at.177°C. t sublimes readily and tends to ahsorb moisture from the air. 
At 25°C., it is very soluble in water and in the lower aliphatic alcohols, ketones, ethers, 
esters, and chlorinated hydrocarbons; somewhat less soluble in aromatic hydroear- 
bous; and relatively insoluble in aliphatic hydrocarbons. At temperatures near or 
above its melting poiut urethan becomes very soluble in nearly all the common organic 
solvents, 

Tnasmuch as urethan is an ester amide of carbonic acid, it exhibits the reactions 
normally shown by both groupings. It is readily hydrolyzed in aqueous solution by 
acids to yield ethyl! alcohol, carbon dioxide, and an ammonium salt, and by bases to 
yield ethyi alcohol, ammonia, and 4 carbonate. Basie hydrolysis in alcoholic potas- 
sium hydroxide, however, produces ethyl alcoho! and potassium cyanate. Halogena- 
tion, and especially chlorination, of cold aqueous solutions, produces N-halo- or N,N- 
dihalourethans depending upon the ratios of the reactants: 


the 
NH:COOCSH, -+ Gl ———> CINHCOOG:H, —24 ChNCOOGAH; 
The sodium derivative of urethan may readily be prepared by treating urethan with 
sodium metulin dry ether (1): 


dry ether 
NH2COOC.H; + Na ———> NaNHCOOC.H; + 4 Hp 
With urethan and higher alcohols in the presence of catalysts, such as aluminum iso- 
propoxide, ester interchange takes place (8): 


AKOCH(CH)):)a 
—_ 


NH,COOG,H; + ROH NH,COOR + ©,H,OH 
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Acy! derivatives of urethan may be formed directly by its reaction with esters (5), 
acid anhydrides, or acid chlorides (2): 
NH.COOCLH; + RCOCL ——> RCONHCOOG.H; 


The acyl derivatives may also be prepared by the reaction of acid chlorides with the 
sodium derivatives of urethan. Urethan reacts with hydrazine at elevated tempera- 
tures and pressures to produce 3,6-diamino-1,4-dihydro-s-tetrazine (16): 


NIRCOOC:H; + TLaNNHa.H20 ———W+ | 


With aldehydes urethan forms N-methylol (N-hydroxymethyl) compounds under 
mildly alkaline conclitions, alkylidenchisurethans under mildly acidic conditions, and 
polymeric products under consecutive alkaline and then acidic conditions (8): 


mild 


NILCOOC.H; + RCHO Ten HWOCHRNHCOOCGHs 


mild 


NH,COOC.H; + RCHO —a’ RCH(NHCOOC.Hs)s 
acid 


1 kal 
¢ NE,COOGE, + x RCHO — CsH,OOCNH [CHR N(COOC:H;)].—-.CHROH 
wha 


Ethyl nitrite reacts with urethan in cold concentrated sulfuric acid to yield N- 
nitrourethan : 


roned. H2SO. . 
NH,COOC.H; ‘+ CxH:ONO Ss O.NNHCOOGH, 


which can be used as an intermediate for the preparation of N-nitrosourethan (ONNII- 
COOGHs), ethyl carbazate (NH:.NHCOOC,H,), nitramide (NH2NO:, see Vol. 9, 
p. £10), mono- and dialkylnitramines (RNHNO, and RR’NNO,), and hydrazines (9). 
Condensation of resorcinol with urethan results in the formation of 6-hydroxy-9-amino- 
3H-isoxanthen-3-one, a yellow dye related to fluorescein and suitable for silks and 
wools (11): 


HOV 4 oul HO. JX 


NHCOOGH, + | — 
. Oe 


Mit 


With a number of inorganic salts urethan forms mixed salts, sach as HaNCOOC,H;,.- 
Cal, and H2NCOOC.H;.2K Br. 


PREPARATION AND MANUFACTURE 


Urethan is manufactured from ethyl chloroformate, CICOOC:Hs (see Carbonic 
esters and chloroformic esters) and ammonia, Materials of construction for the portions 
of the equipment handling the chloroformate should be acid-resistant, preferably 
glass- or porcelain-lined or of Karbate, although they may be lead-lined. The reactor 
itself should be resistant to the action of ammonium hydroxide; stainless steel is 
satisfactory for this vessel and for subsequent refining equipment. 
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The reactor is charged with ammonium hydroxide (approximately 25% concen- 
tration), and ethyl chloroformate is added at such a rate that reaction temperatures 
can be kept below 40°C, by external cooling. When ethy] chloroformate equivalent 
to slightly less than one-half of the ammonia has been added, the simultaneous ad- 
dition of 830% aqueous sodium hydroxide is also started. Additions of the chlorafor- 
mate and caustic solution are thereafter metered so that a slight excess of chlorofor- 
mate is maintained in the reactor. At the completion of the additions, feeds are so 
controlled that there is no residual chloreformate or caustic and only a smal) amount of 
ammonium chloride. Essentially the reaction during the first half of the process is as 
shown in equation (1) and during the second half as shown in equation (2). 


CICOOC.H,; + 2 NH,OH ———> NH.COOCGH; + NHiCl + 2 M0 (L) 
CICOOCLA, -+- NHC] + 2 NaOQll ———> NH,COOC:H, + 2 NaCl + 2 10 (2) 


When the reaction is complete, the aqueous salt layer is separated from the molten 
crude urethan layer, which is transferred to distillation equipment. The salt layer is 
chilled to 32°F., whereupon most of the dissolved urethan is crystallized and can be 
removed by filtration. The wet filter cake is also transferred to the distillation equip- 
ment, The urethan is then distilled at reduced pressure (approx. 50 mm.), and the 
molten distillate is crystallized in a rotary crystallizer, sieved, and packaged. Pack- 
ages should be airtight, since even crystalline urethan has an appreciable vapor pres- 
sure, sublimes readily, and shows a tendency to absorb moisture from the air. 

Alternatively, urethan may be synthesized in a variety of ways: by the reaction 
of ethyl alcohol with carbamoy! chloride, cyanic acid, urea (q.v.) at elevated pressure, 
or trea nitrate and sodium nitrite: 


NILCOCL + C:H,0H --~—> NH.COOC2H, + HCl 
HOCN + C.H;O0H ———— NH,COOC.H; 


NaNo: 
NE,CONEL.HNO; + CeH,OH —-—> NH,COOCHI, + Ne 


or by the ummonolysis of diethyl carbonate: 


(CzH,O)}oCO -- NH; --——» NH,.COOC3H; + C:H,OH 


The commercial product (urethane, U.S.P.), m.p. 48-50°C., contains at least 989% 
urcthan, and may contain up to 2% water. Itis combustible and not flammable, and 
has a flash point over 80°F. Urethan is available in fiber drums (250 Ib. net) at $1.50/ 
lb. There are no shipping regulations. 


USES 

Urethan has been used medicinally as a mild hypnotic (see Vol. 7, p. 777), sedative, 
and. antispasmodic, in a treatment for leukemia and related blood diseases, as an 
antagonist against the action of certain stimulants, and as an antidote for strychnine, 
resorcinol, and picrotoxin poisoning. It has been used as an ingredient of nonluminous 
heating candles, astringent cosmetic preparations, and quinine sclerosing solutions, 
and has been employed as an intermediate in the preparation of certain dyes. Urethan- 
aldehyde condensation products have been used as latent favor-developing substances 
in packaged foods. Urethan has also found use as an anesthetic for laboratory ani- 
mals, and in the sedation of fish during transportation, 
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Other Urethans 
PHYSICAL AND CHEMICAL PROVIER THES 


Many carbamates have been reported in the chemical literature and Table I 
shows the physical properties of some representative compounds of simpler structural 


The carbamates of lower molecular weights resemble urethan itself with re- 


gard to solubility characteristies in that they are relatively soluble in the more polar 


organic solvents and less soluble in the nonpolar ones. 


As with other types of organic 


compounds, the solubilities of the higher-miolecular-weight members are more a func- 
tion of the substituting groups than of the carbamate functional group itself. 





TABLE I, Properties of Some Carbamates. 





Voranila 





Carhamate Structure weight ALp., OC, Bay, OC, 
Methyl NH,COOCH; 75.07  d4 177, B2i4 
Nthyl NH,.COOCLHs 89.10 49-50 [St 
n-Propyl NILCOOCH,CHLCH, 108.12 60-61 195 
Tsopropyl NELCOOCH(CHa)s 103.42 WAS — 
n=Butyl NILCOOCILCH,CHCHUs W17.15 ASS 203-1 (a. 
see-Butyl NEH,COOCTRHCH,)CeHs VI7.15 ht —_ 
Tsobuty! NH,COOCH,CH(CH,)2 117,15 55 2006-7 
n-Amyl (pentyl) NH,COO(CH2 CH; WAT 55.5 — 
2-[ithylbuty1 NH.COOCHCH( Cal Is 2 145.20 81 _ 
2-Fithylhexy] NH.COOCHLCH(CiHs (CHa yCHy 173.28 42.5 — 

Alby] NH,COOCH.CH=CH, 101.10 21 20-4 
Phenyl NH,COOC,H, 137.13 147-148.5 — 
Benzyl NH,COOCH2C.H; 151.16 86 220) (d.) 
Trichlorocthyt NH.COOCH.CCI, 192.45 64-05 _ 
thy] V-methyl-“ CH,NHCOOCLIH, 1038.22 — 170 
Ethyl N-ethyl-” CAH,NITCOOCLH; 7.25 —~ 176 

¢ Tethyl N-phenyl- ChHSN HCOOCLE: 165.19 49-50 237 (aL) 
Tsapropyl N-phenyl- CsH,NHCOOCH(CHi)e 179,21 87-88 — 
Methyl N,N-dimethyl-” (CH;):NCOOCH; 108.12 — 131 
thy] V,N-dimethyl-" (CHs:NCOOCTL tiy.t8 17 
Ethyl N,N-diethyl-’ (CoH5)aNCOOC.IH, 145.20 — 167-69; O38 





® (6 1,012, 
# 0.9725. 


oni 1.4206; 4 0.9276. 


In addition to the reactions cited for urethan, variously substituted carbamates 
undergo numerous other reactions as well, 
readily with nitrous acid to form N-nitroso compounds. 
to prepare alkyl V-nitrosoalkylcarbamates, which despite their pronounced vesicant 
action are used as intermediates in the preparation of diazoalkanes, for example: 


N-Monosubstituted carbamates react 
This reaction is employed 


HONO | KOH 
CH ;NHCOOR’ —-—> CH,N(NO)COOR’ as CH:N2 


Tn a similar fashion, N-nitrocarbamates may be prepared by the action of fuming 


nitric acid on N-monosubstituted carbamates in acetic anhydride solution. 


if the 


substituents of the carbamate include aryl groups, they are also nitrated under these 


condilions. 
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Under certain conditions, N-monosubstituted carbamates cun be converted to the 
corresponding isoeyanntes. This is usually accomplished by heating the carhbamates 
in the presence of phosphorus pentachlovride or phosphorus pentoxide : 


Pads . 
RNELCOOR’ ——— RNCO + (R’Q);PO 


However, heating the carbamates in the absence of a catalyst or dehydrating agent has 
also been reported to be effective. 

Under alkaline conditions, 2- or 3-haloalkyl carhamates may be evelized to the 
corresponding oxazolidinones or oxazinones: 

RNHCOOCEIRCTIAR! aN RN.CHRCTR.O.CO 
te ee od 

Unsaturated carbamates, especially those with the unsaturation in a terminal 
position, may he polymerized with or without comonomers in the presence of typical 
vinyl polymerization catalysts, such as acyl peroxides or alkali peroxydisulfates, to 
form polymeric products. 


PREPARATION AND MANUFACTURE 


Most ¢arbamates can be readily prepared by reactions similar to those used above 
for urethan, as well as by other reactions that are not specifically adaptable to urethan 
itself, 

Tsocyanates react easily with hydroxyl compounds of practically all iypes to yield 
carbamates: 

RNCO + R’/OH ——~ RNHCOOR’ 


The Hofmann hypohalite degradations of amides (13), as well as the Curtius 
rearrangement, of azides (g.v.) (12) and the Lossen rearrangement of hydroxamie acid 
derivatives (14), have been demonstrated to go through isocyanate intermediates. 
If these reactions are conducted in the presence of alcohols the isocyanate intermediates 
are converted to carbamates. 

RCONH, 2 “2___,, rn HCOOCT 
(2) NaOH, CHOU 


, 


On 
—» RNEHCOOR’ 


reat 


RCOC] + NaN; ——— RCONS, 





heat 
RCONHOOGR! + R"OH ———> RNIICOOR" + R/COOM 


The manufacture of earbamates may be accomplished by the method deseribed 
for urethan, in which an amine is substituted for ammonia, and the reaction may, 
if desired, be carried owt under anhydrous conditions in an appropriate organic solvent, 

Although many isocyanates are difficult to store conveniently and safely because of 
the ease with which they polymetize or are destroyed by reaction with moisture, they 
are sometimes used commercially as carbamate intermediates, for example, to im- 
prove the hardness and water and alkali resistance of certain alkyd resins, in the forma~ 
tion of foamed infusible rigid plastics, in the curing of polyester rubbers (3) (see Vol. 11, 
p. 845), and in the preparation of polyurethan, See also Vol. 10, p. 401. 


USES 
Carbamates have found use in a wide variety of biological applications. They 
have been used as enzyme inhibitors and mioties, as antipyretics, diuretics, and anti- 
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septics; as anthelmintics and anticonvulsants; as weed killers (7), insecticides, and 
insect repellents (6); fungicides (17); and snailicides. 

The demonstration that urethan, and more particularly certain substituted 
carbamates, reversibly inhibited or inactivated the enzyme cholinesterase (sec Vol. 13, 
p. 28) was one of the first exaniples of specific enzyme competition, Physostigmine, 
US.P. XIV, neostigmine, U.S.P. XTV, N.N.R., and the carbamic acid ester of choline 
itself, carbachol, U.S.P. XIV (see Vol. 3, p. 926), are examples of the substituted car- 
bamates. 

Perhaps the most important single application of carbamates to date is the use of 
certain alkyl N-phenyl- or N-(substituted-pheny!)carbamates as weed killers (q.v.). 
Two compounds of this type, isopropyl N-phenylearbamate (IPC) and isopropyl 
N-(m-chlorophenyl)carbamate (CIPC), have attained large-scale commercial uses. 

Carbamates have found a number of interesting applications in the plastics in- 
dustry as resins, plasticizers, monomers, antioxidants, and stabilizers. By the reaction 
of diisocyanates with glycols the so-called “polyurethans’’ may be prepared. One 
such polyurethan, Perlon U (Igamid U), was prepared commercially in Germany by the 
reaction of hexamethylene diisocyanate with 1,4-butanediol in a mixed solvent of mono- 
and dichlorobenzenes. This process required very careftté;djustments of the molec- 
ular proportions of the diisocyanate and glycol to avoid breaking of the polymer 
chain, and the use of equivalent molecular amounts of these reactants led to a polymer 
having an average molecular weight of about 10,000, which melted rather sharply at 
180-185°C. : 


HO(CH:),0H. ++ OCN(CH2)sNCO t——> [NH(CH2)}NHCOO(CH,),00C]a 


and found use in the extrusion of bristles, spinning of filaments, and in injection mold- 
ing. This resm has outstanding water resistance in comparison with the nylon or 
caprolactam polyamides (see Polyamides) and is also reputed to have better electrical 
properties, greater resistance to acids, superior hardness, and a much lower suscepti- 
bility to oxidative degradation than the other polyamides. Perhaps the major dis- 
advantage of these resins is their inferior thermal stability, which prevents their use 
or processing at temperatures above about 220°C. (4,10). 

Another interesting plastics application, in which the formation of carbamate 
linkages plays an important part, is in the formation of rigid plastic foams (Moltoprens) 
in which, for example, a diisocyanate (Desmodur) is treated with a polyester (Des- 
mophen) of a dicarboxylic acid and a trihydroxy alcohol, which still contains free 
hydroxyl and carboxylic groups. The isocyanate first reacts with the hydroxyl groups 
to form carbamate bridges, and then with the carboxyl groups to give carboxamide 
linkages together with the simultaneous elimination of carbon dioxide. As the reac- 
tions continue, the plastic mass becomes increasingly tough, and the liberated carbon 
dioxide causes it to swell like a dough. In the earlier stages of this reaction the plastic 
mass can be molded at moderate temperatures but, with continued reaction, enlarge- 
ment, and reticulation, it becomes rigid and infusible. This process makes possible 
the manufacture of low-density foamed plastics of much higher strengths than were 
previously known. They currently find application in the manufacture of lightweight, 
high-strength, structural parts for airplanes, whereby the reaction mixture may be 
poured into the interior of structural parts made of thin metallic sheets and allowed to 
expand in place to fill the shell. The resulting parts have excellent dimensional 
strength (4). 
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By the selection of appropriate raw materials and reaction conditions, it is also 
possible to produce foams of varying degree of softness. Foams similar in resilience 
to the rubber latex foams are easily prepared and have numerous advantages over 
the rubber foams. They are expected to find a wide and varied market (8a). 

Another application in which formation of carbamate-type linkages often plays 
an important part is illustrated by the isocyanate-containing adhesives. They are 
suitable for bonding a great variety of surfaces to one another and have found applica- 
tion in bonding many synthetic textile fibers to elastomers, elastomers to wood or to 
metal, wood to wood or to metal or porcelain, or many plastics to any of these materials. 
These adhesives are usually mixtures of difunetional isocyanates with di- or tri- 
functional acids and hydroxylic compounds. The isocvanates react readily with any 
active hydrogen atoms forming, when the hydrogen is a part of a hydroxyl group, a 
carbamate linkage. It has been suggested that the adhesion demonstrated by these 
adhesives results primarily because of the great reactivity of the isocyanate group, 
which, for example, when used to bond another material to a metallic surface, will even 
react with hydrous oxide films on the metal to produce a elean surface capable of form- 
ing cither primary or secondary valence bonds, In addition, the isocyanates poly- 
merize easily in the presence of a variety of substances to produce a network of triazine 
structures, which are chemically very stable and strongly bonded and serve to bridge 
the space between the substances to be joined. 

Tn a somewhat similar fashion, polyester or pulyurethan rubbers are formed by 
the addition of diisocyanates to glycol end-blocked polyesters where, by the formation 
of carbamate linkages, they serve to increase tle length of the polymer chains. Dur- 
ing later processing, further additions of diisocyanates or other materials cross-link 
and cure these lengthened polymers. The resultant rubbers (Vulcollan, Bayer; 
Adiprene B, duPont; Chemigum SL, Goodyear) as a group show remarkable abrasion 
resistance and also excellent resistance to oil, ozone, and aging (3). See also Vol, 11, 
p. 845. 

Polyurethan coatings based upon polyesters aud modified isocyanates have found 
extensive application in Europe and are finding increasing use in this country for wire 
coatings and similar purposes, where their excellent strength, toughness, and chemical 
resistance are of advantage. 

Other applications in the plasties industry which depend largely upon the reaction 
of isoeyanates with hydroxylic compounds to form carbamate linkages include the 
treatment of phenol-formaldehyde resins with diisocyanates to improve alkali and 
water resistance and the treatment of protein and cellulose textiles to improve water 
resistance and dyeing properties, 

Carbamates, especially N-nitrocarbamates, can be used as Diesel fuel additives. 
For example, it has been reported that by the addition of 1% of ethyl N-nitro-N- 
butylcarbamate the cetane number of a Diesel fuel may be raised from 39 to 40 (15). 

Carbamates are also used for surface-active agents, selective solvents, dye inter- 
mediates, corrosion inhibitors, etc. 
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URIC ACID 


Uric acid (2,6,8(1.4,34,9 )-purinetrione), CsH4NsOz, formula weight 168.11, exists as 
white or yellowish-white, odorless, and tasteless crystals or powder. It is a member 
of the purines and xanthines (see Vol. 1, p. 474) and exists in tautomeric forms, which 
probably are in equilibrium in solution (ref. 18, p. 765). It has usually been repre- 
sented as the trienol (lactim form, (2,6,8-trihydroxypurine)) (Ia) or the triketone 
dactam form, “2,6,8-trioxypurine”’) (Ib). The enol form accounts for the acidic 
properties. In this form, uric acid would be expected to be tribasic (ref, 13, p. 765), 
but it forms only two series of salts, the acid or primary salts, MHCsH2N,O;, and the 
normal, neutral, or secondary salts, MaCsH2NiQs, probably owing to the very weak 
dissociation constant of the third hydrogen ion. The ketone form (Th) accounts for 
its general lack of chemical reactivity, low solubility, ete. (15). The structural for- 
mulas for urie acid may be written as shown in (Ta) and (1b) or as a heuzenoid structure 
as in (Ie), shown as the “diolone” form or dibasic form as it is now sometimes written. 
See also Heterocyclic compounds, Vol. 7, p. 440. 
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Von Scheele discovered uric acid in 1776 as a constituent of urine and bladder 
stones and named the substance “urine acid” as well as “bladder stone acid.” Berg- 
man made the same discovery at about the same time. Von Scheele deseribed this 
substance in great detail, including its solubility and its behavior toward the various 
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mineral acids, especially nitric acid. Tn 1793 Foureroy described the properties of 
urie acid in great detail and established its relationship with urea (ge). Other work- 
ers contributed immeasurably to the chemistry of uric acid, for example, Prout with 
his discovery of ammonium acid purpurate as a color test for urie arid (murexide test) 
and Brugnatelli with his preparation of alloxan by the action of nitric acid on uric acid. 
Formula (Ib) for uric acid was proposed by Medicus in 1875 and proved by Fischer as 
a result of his investigations into the preparation of the various methyl derivatives 
(ref. 27, pp. 88-91; 15). The first suecessful syntheses of urie acid, by fusing glycine, 
NILCH.LCOOH, with urea and by heating 3,3,3-trichlorolactic acid, CClCHOH- 
COOH, with urea, were reported by Horbaezewski in the 1880’s. Wohler and Liebig, 
von Baeyer, Emil Fischer, Roosen, and others completed the monumental work on the 
properties and synthesis of uric acid. 

Occurrence. Uric. acid, usnally in the form of its salts, is widespread in nature 
in both plants and animals. It is found in many seeds as well as other plant parts 
and is a constituent of the urine of all carnivorous animals, being formed from xanthine 
by the action of xanthine oxidase in the metabolism of purines and their derivatives, 
notably nucleic acids (gv). Urie acid is present in human urine to the extent of 0.3— 
2.0 g/day, varying with certain diets and with certain pathological conditions, 
such as arthritis and gout (sodium urate deposits in the joints in both diseases), In 
reptiles and birds uric acid is the chief end product of the metabolism of proteins as 
well as of purines. Thus excreta of certain reptiles may contain as high as 7597, of 
almost. pure ammonium urate. Chicken manures contain 2-3% ammonium. urate, 
and certain bird excreta (guano) contain 10-20%. 


Physical and Chemical Properties 


Uric acid decomposes above 250°C. without melting, with evolution of hydrogen 
cyanide. It is soluble in glycerol, sulfuric acid (without decomposition), solutions of 
lithium carbonate, sodium acetate, and sodium phosphate, and very soluble in alkalies. 
It is practically insoluble in boiling water (1:2000) and insoluble in alcohol, ether, aud 
chloroform, 

Of the two series of salts formed, the acid alkali metal salts are less soluble in water 
than the normal salts. The acid piperazine salt, and the lysidine (methylglyoxalidine) 
salts are much more soluble in water than the metallic acid or normal salts. 

Like other purines, uric acid absorbs in the ultraviolet region. The maxima, are 
dependent on the pH. 

Uric acid has a p&, of 6.7. It is stable to hydrolysis, but this stability decreases 
with increasing N-substitution. Alkali solutions are rather unstable. On dry dis- 
tillation of uric acid, Scheele obtained carbon, ammonia, carbon dioxide, and cyanuric 
acid. 

Uric acid is not easily affected by reducing substances, with a few exceptions; 
for example, Fischer and Ach prepared 6-thiouramil, NH.CO.NH.CO.CH(NEb).CS, 





by heating uric acid with an ammonium sulfide solution at 160°C. Electrolytic 
reduction in sulfurie acid solution below 8°C., yields purone (dihydro-2,8-purinedione), 
CsHsgNuOs, and, at 14-17°C., isopurone, CsHgN.Q, (in whieh the imidazole ring has 
been broken), along with purone, tetrahydrouric acid, and other products. 

Uric acid is easily oxidized by a variety of compounds to give a wide variety of 
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products, In general, alkeline oxidation attacks the pyrimidine ring and acid oxida- 
tion the imidazole ring. 
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Oxidation with permanganate (@) yields allantoin (II), which will react, with 
hydriodie acid to form hydantoin (for derivatives see “Hydantoin” under Hypnotics 
and sedatives, Vol. 7, p. 775) (see Scheme 1). Hydrogen peroxide oxidation gives 
different products according to the conditions of the reaction; one of the products is 
often allantoin (II). However, contrary to the general rule, when heating with 30°, 
hydrogen peroxide (Perhydrol) under acid conditions the pyrimidine ring of uric 
acid is attacked to yield parabanic arid (III) with alloxan (TV) as an intermediate 
product: 
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(111) parabanie acid 


Oxidation with cold concentrated nitric acid or with chlorine (12) yields alloxan (IV) 
and urea: 
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Heating with concentrated nitric acid (ref. 13, p. 767) yields dialuric acid (V) and al- 
loxan (IV), both compounds on continued heating reacting further to give alloxantin 
(VI). On addition of ammonia, the purple-red murexide (VII) (acid ammonium 
purpurate) is obtained (8). (See Scheme 2.) With warm, very dilute nitric acid, 
alloxantin (VI) and urea are obtained directly. 

Fischer and other investigators prepared various isomeric methyl (from mono 
to tetra) derivatives of uric acid (15; ref. 11, pp. 88-91). By heating urie acid with 
phosphorus oxychloride at 150-160°C., Fischer (ref. 11, p. 92) was able to produce 
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ScHEME 2 
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2,6,8-trichloropurine and 2,6-dichloro-8-hydroxypurine. Heating uric acid with 
formamide until completely dissolved yields, upon cooling, xanthine. Theophylline 
can be prepared similarly from 1,3-dimethyluric acid and formamide (18). 


Preparation and Manufacture 


Uric acid is produced by extraction from natural sources or synthetically. 

Extraction from Natura] Sources. Uric acid can be obtained by extracting 
either reptilian excreta or bird guano with sodium hydroxide, precipitating with am- 
monium chloride, and decomposing the precipitate with hydrochloric acid. The 
guano may also be treated with calcium carbonate in a strongly alkaline solution, and 
the free acid precipitated with hydrochloric acid. Bird guano is used as the eommer- 
cial source of the acid. 
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A slightly different procedure has been patented (17). Bird execrements are ex- 
tracted with 8G, aqueous sodium hydroxide and heated for 6-8 hr. at 80-100°C. with 
vigorous agitation. The solution is filtered, and the erude urie acid precipitated with 
sulfuric acid. The crude acid is then redissolved in 5-6%% sodium hydroxide, and the 
sohition evaporated to 20% of the original volume. Sodium urate crystallizes out of 
solution and is again dissolved in sodium hydroxide solution. The pure uric acid 
is precipitated with excess sulfuric acid. 

Synthetic Methods. The thorough researches by Fischer and by Behrend and 
Roosen into the breakdown products (various stages of oxidation) of urte acid, and 
their possible combinations to produce uric acid, resulted in its successful synthesis. 
The Behrend and Roosen synthesis (ref. 11, p. 93) starts with wrea and an acctoacetic 
ester (see Scheme 3). 

Fischer, continuing the work of von Baeyer, succeeded in converting pseudouric 
acid (VITL) to uric acid by concentrating a solution of pseudouric acid in 20% hy- 
drochlorie acid solution. The work of von Baeyer and Fischer is combined 
Scheme + to show the total synthesis of urie acid from urea and malonic acid hy way 
of barbiturie acid (q.v.), 
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Cavalieri and co-workers (4) report overall yields of only about 27% with the 
combined Baeyer and Fischer method, However, with certain modifications, an 
overall yield of 55% based on the urea used was obtained. 

Ina more recent: synthesis of uri¢ acid (5), 5-sulfoaminouracil (1,2,3,4-tetrahydro- 

2,4-dioxo-5-pyrimidinesulfamic aeid), NH. CO.NH.CO. CONHSOsE) «( CH, is heatecl 





with urea at 190-200°C. for 14 hr. The melt is treated with hot water, yielding acid 
ammonium urate, which is dissolved in hot water containing the required amount of 
sodium hydroxide. ‘The solution is clarified with carbon, and, while still hot, acidi- 
fied with hydrochloric acid to give the free uric acid. 

Uric acid is available in three grades: C.P., reagent, and technical (usually 
90-95% pure). It is packaged in L-lb. bottles and 5- to 100-Ib. drums. 
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Analysis 


Qualitative. Afureride Test. When uric acid is moisteued with concentrated mi tric 
acid and evaporated to dryness ou a water bath, a purple-red color (resembling the 
dye from the sea snail Afwrex) develops on the addition of a few drops of ammonia. 
This test, however, is not restricted to uric acid, but will oceur with other purines as 
well. 

Quantitative. In Urine. (1) The Benedict and Francke method (2; ref. 13, p. 
1172) utilizes the fact that solutions containing urie acid will develop a blue color, 
the intensity of which is proportional to the uric aeid concentration, when arseno- 
phosphotungstic acid (prepared from sodium tungstate, arseuie trioxide, phospharic 
and hydrochloric acids) and sodium cyanide are added. This is » direct microchemi- 
val determination. 

(2) In the Folin-Schaffer method (ref. 18, p. 1173), the uric acid is converted into 
ammnouinm urate, which is dissolved in hot sulfuric acid solution aud then titrated 
with potassium permanganate solution, 

In blood. Both methods described above can be used to determine the uric acid 
concentration in the blood, A more recent method for the determination of urie acid 
in blood uses a lithium carbonate reagent (10). 

Tn Frat Products. Tilden has described a paper chromatographic method (16), 

Reagent. Grade. The two methods described under urine can be used, or the 
nitrogen content can be determined by the Kjeldahl method. 

Technical Grade. The Folin-Schaffer and Kjeldahl-methods may be used. 


Uses 


Uric acid is used for the commercial preparation of allantoin, alloxan, alloxantim, 
parabanie acid, murexide, and other derivatives. Uric acid and its salts have been 
and are still being used on occasion in medicine. It has been used internally for 
edematous heart, pulmonary tuberculosis, persecution mania, etc., and also externally 
in gout. A 4% ointment of ammonium urate has been used in the treatment of 
chronic eczema, and also internally for coughs and grippe. Lithium acid urate is 
used as an antartbritic, aud murexide is used as an organic indicator for the deter- 
mination of calcium and other metal ious. 


Derivatives 


SALTS 

Ammonium acid urate, NH,JHCsH.N,Os;, formula weight 185.15, isa white ervs- 
talline powder, soluble in 1,600 parts cold water and more so in boiling water. It is 
soluble in alkalies or concentrated sulfuric acid, and is prepared by interaction of 
ammonia with uric acid. 

Calcium urate (calctum acid urate), CaFle(CsHeN4Qs)2.2H.,O, formula weight 
410.32, is soluble in about 1,500 parts cold water. It is prepared by precipitating a 
potassium or sodium urate solution with calcium chloride. 

Lithium acid urate, LiWC;H.N,Os, formula weight 174.05, is soluble in 380 parts 
cold or 39 parts boiling water. I is prepared by boiling uric acid with lithium car- 
honate. ; 

Potassium urate (normal potassium urate), KxCsH2N,0s, formula weight 244.30, 
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occurs in fine needles soluble in 44 parts cold water and 36 parts boiling water. It de- 
composes at high temperatures and is prepared in the same way as sodium urate. 

Potassium acid urate, KHC;H.N.Os, formula weight 206.20, exists as a white 
amorphous powder soluble in 800 parts cold and in 80 parts boiling water. It is pre- 
pared in the same way as sodium acid urate. 

Sodium urate (normal sodium urate), NasCsH,N4Os, formula weight 230.11, occurs 
as crystalline granules or a white crystalline powder soluble in about 77 parts cold and 
about 75 parts boiling water, and slightly soluble in aleohol. It decomposes at 150°C. 
and is prepared by suspending uric acid in a cold dilute sodium hydroxide solution 
and concentrating under a vacuum. 

Sodium acid urate, NaHC,;H.N.O;, formula weight 190.05, is a white powder 
soluble in 1,100-1,200 parts cold water and 125 parts boiling water. It is prepared by 
treating uric acid with a solution of sodium carbonate. 


OTHER DERTVATTVIcs 


Allantoin (5-ureidohydantoin, glyoxyldiureide) (II), CaHNsQa, formula weight 
158.08, is a white odorless powder, stable in air; m.p. approx. 228-285°C. (decompn.) 
(depending on method of determination). It is slowly soluble in about 200 parts cold 
water and about 25 parts boiling water. It dissolves, with decomposition, in solutions 
of alkali hydroxides. Allantoin occurs widely in plants and is excreted by almost all 
mammals, but not by anthropoid apes and man, as the end product of purine metab- 
olism. It is formed by the action of the enzyme uricase on urie acid. It is produced 
synthetically in yields up to 76% by oxidizing uric acid with potassium permanganate 
in alkaline sohition (6) (see p. 482). The commercial product, sold in drums, con- 
tains not less than 34.92% and not more than 35.45% of N, corresponding to not 
less than 98.5% of allantoin. It is used in ointments for medical and veterinary use 
in wounds and ulcers to stimulate growth of healthy tissuc, and also in hand lotions, 
creams, lipsticks, pomades, after-shave lotions, and sun-tan preparations for its heal- 
ing effect. 

Allantoin can be determined qualitatively by: (1) adding mercuric nitrate to a 
cooled, saturated, aqueous solution (a white precipitate forms which is soluble in 
excess mercuric nitrate); or (2) boiling a small amount with 10% hydrochloric acid 
for 8-5 minutes and adding 1% phenylhydrazine hydrochloride solution (when 
cool, the addition of potassium ferricyanide and hydrochloric acid produces a cherry- 
red color), 

Alloxan (mesoxalylurea, 2,4,5,6(1H,3/)-pyrimidinetetrone) (IV), CH.N.0,, 
formula weight 142.07, exists as colorless to pink crystals easily soluble in water and in 
alcohol, slightly soluble in chloroform and in petroleum ether, and insoluble in ether. 
It is prepared by oxidizing uric acid with concentrated nitric acid or chlorine in the 
cold (see p. 482), by treating alloxantin (V1) with fuming nitric acid (7), or by oxi- 
diging. barhiturie acid with chromic acid (9). Alloxan monohydrate is available com- 
mercially for use in nutrition experiments and in organic syntheses, as of riboflavin 
(qv). 

- Alloxantin (uroxin) (VT) forms a dihydrate (DX), CyH»sNsO 320.0, formula 
weight 322.19, a white erystelline powder, which on exposure to air takes up ammonia, 
turning red. It is very soluble in hot water and slightly soluble in cold water, cold 
alcohol, and ether. Ti is prepared by oxidation of urie actd with potassitim chlorate 
followed by reduction with hydrogen sulfide (14). Tt is commercially available and is 
cused in the synthesis of riboflavin. 
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Parabanic acid (imidazolidinetrione, oxalylirea) (IIL), CaHeNeQs, formula weight 
114.06, is a white crystalline powder, m.p. 248°C. (decompn.). It is soluble in 20 
parts cold water anc in alcohol, It is prepared by the oxidation of uric acid with 
30% hydrogen peroxide (3), by the oxidation of alloxan, or by treating hydantoin with 
bromine and water. 
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URIDINEDIPHOSPHOGLUCOSE, CisHuyN2OigPs. See Sugars (commerctal), Vol. 18, 
p. 248. 

URIDYLIC ACID, CyHiyN20oP; URIDINE, CoHyN2Os. See Nucleic acids, Vol. 9, pp. 
509, 510. 

URONIC ACIDS; URONIDES. See Glycosides, Vol. 7, p. 263; Guons, Vol. 7, p. 329; 
Peclie substances, Vol. 9, p. 903; Sugars (derivatives), Vol. 18, p. 265. 

URSOLIC ACID, Cay HyOx. See Terpenes (ri-), Vol. 13, p. 767. 

USTIN, CiHigClOs. See Antibiotics, Vol. 2, pp. 29, 35. 

UVAROVITE, CagCr,(SiO,):. See Silica and silicates (mineral), Vol. 12, p. 279. 





VACCENIC ACID, CH,(CH2)sCIL: CH(CHy))COOH. See Fatty acids, Vol. 6, pp. 175, 
avi. 


VACCINES 


See also Mierevorganisms; “Biologicals” under Pharmaceuticals; Serums and serology. 

A vaceine is a biological preparation administered as a prophylactic measure to 
actively immunize humans and animals against a variety of infectious agents. (Por 
differentiating between active and passive immunization, see Vol. 12, p. 182.) Ina 
stricter sense, a vaccine refers to a preparation consisting of a living, nonvirulent 
(attenuated) viral disease agent. Through common use, the term erroneously refers 
to any biological preparation administered orally or parenterally for therapeutic, 
prophylactic, or diagnostic purposes. 

The purpose of administering a vaccine ts to stimulate the production of specitic 
tmitibodies in an individual in some harmless manner, so that upon being subsequently 
exposed to the infectious agent the individual will either not contract the disease or 
experience it in a mild, modified form only. 

The terms vaccine (Latin vacca, cow) and vaccinate were introduced in 1796-1798 
by Jenner while conducting his classical experiment of successfully immunizing a 
human subject against smallpox by means of a cowpox virus (vaccinia) of low virulence. 
Nearly a century after Jenner’s work, Pasteur adopted the terms vacciue and vaccinate 
while conducting his immunization experiments with chicken cholera, anthrax, and 
rabies; these experiments resulted in his understanding of the broadly applicable 
principles of the science of immunization not previously realized by Jenner and his 
colleagues. 

For many centuries it had been realized that if an individual became 11] as a result 
of one of many varieties of “coutagion’’? and survived, he rarely, if ever, again became 
ill with a disease that exhibited the same symptoms and characteristics. Indeed, the 
practice of intentionally communicating a mild form of smallpox to prevent contract- 
ing a more virulent form was not uncommon among various Oriental races. Such 
human “variolation” was condueted by ingesting or inhaling dried crusts containing 
the smallpox virus (variola; L. varius, various), as well as by inoculating pock fluid 
through the skin, the material being obtained from individuals suffering from mild 
infections only. The latter procednre was introduced iuto Europe about 1717 and 
notes concerning the scarification procedure appeared in published form as carly as 
1763 (1,30). This scarification procedure, however, usually left pock marks on the 
patient’s face, and sometimes resulted in communicating a severe or fatal rather than 
a mild form of the disease. 

Factors Influencing Immunization. Among the various aggressive defense 
mevhanisms that enable an individual to acquire a certain degree of resistance (or 
insusceptibility) to the invasion of infectious or toxic agents is the appearance of spe- 
cific antibodies (circulating) in the blood stream. Ina great number of infectious dis- 
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eases, 1b has been possible to correlate the development. of a satisfactory state of ac- 
quirecl immunity (resistance) with the development of demonstrable, specifie antibodies. 
This does not mean that all antibodies are necessarily beneficial or protective (allergens, 
for instance). Nor does it mean that antiboclies are demonstrable in all infectzous 
diseases or in alf instances of any particular infectious disease—from which it 18 pos- 
sible to speculate that either such antibodies do not exist. or the method for demon- 
strating them is not adequate. (See Allergy; Serums and serology; as well as the dis- 
cussions of Boyd (37), McMaster (21), Freund (9), and Edsall (5).) Nevertheless, 
the close association of antibodies with the immune state induced investigators, as 
long as fifty years ago, to attempt the artificial production of meusurable antibodies in 
both humans and animals by means of inoculations of liarmless vaccines. In certain 
instances such preparations were unsuccessful, but in others the almost dramatic re- 
duetion of the prevalence of numerous infectious diseases has been of historical im- 
portance. 

Unfortunately, there is no single method by which such immunizing preparations 
‘an be prodittced. The individual manufacturing procedure of each vaccine depends, 
to a great degree, on the manuer in which the infective (or toxic) agent is propagated or 
elaborated. Certain of these variations will be noted later during the discussion of 
vaerine production methods (see p. 492). 

Since the purpose of administering 4 vaccine is to produce antibodies, it is well to 
point out the rather large number of unrelated (yet somewhat dependent) factors 
that affect the antibody response, so that it may be realized that certain vaccines con- 
fer immunity and others do not; that certain individuals can be immunized and others 
cannot; that one vaccine confers a long-lasting immunity and another does not, ete. 
The factors that attend all such situations are not always explainable, In some in- 

‘stances, it has not been possible to correlate the laboratory-measured antigenicity of a 
vaccine with the antigenic property that protects (or fails ta protect) the vaccinated 
animal against a fully virnlent dose of the infeetive agent. 

In considering the various factors that affect the antibody response, it is necessary 
to realize that any or all may vary, and that. it is diffienlt to evaluate one without as- 
sumiug that the others remain more or less constant. It is also necessary to assume 
that the antigenic preparation is nonliving and that, unless otherwise indicated, a 
single (primary) inoculation is involved. The assumption must be made, too, that the 
method of detecting antibody response is both constant and adequate. Edsall (5) 
has outlined these factors as follows: 





The pattern of response, which is considered as consisting of three phases or periods. (a) The 
latent period, which begins immediately upon the introduction of the antigen and extends until the 
initial appearance of detectable antibodies; a period during which no antibodies appear; (6) the 
period of antibody increase during which the detectable antibodies rise rapidly to a sharp peak or a 
more persistent plateau; (¢) the period of antibody decrease wherein the detectable antibody titer alls 
but at a slower rate than in the rising phase. Detectable antibodies have been measurable for 
months as well as years and, in some instances, have persisted for a lifetime. Such factors that may 
contribute to the decrease of antibodies are: their actual destruction hy the defense mechanism of 
the host; the unstable nuture of the untibody; and the exeretion of the antibody by some meana not 
in use ordinarily. 

The effective dose of the antigen, that is, the amount required to produce maximum antibody 
response, above which further increases of dosage yield proportionately less antibody response. 

The chemical state of the antigen, which concerns the degree of chemical purity of the prepara- 
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tion, since the immune response is directed toward all antigenic components of a vaccine preparation 
regardless of whether the provoked antibody is beneficial or harmful to the vaccinated individnal, 

The physical state of the antigen, which governs the rate of absorption and persistence of the 
dose, A slow rate of absorption, in general, increases the antibody titer as well as prolongs its exist- 
ence, From a practical standpoint, it hay been possible to incorporate such desirable features into 
certain vaccines hy the addition of various so-called adjuvants, such as mineral oil, alam (aluminum 
potassium sulfate), aluminum hydroxide, aluminum phosphate, lanolin preparations or polyvinyl- 
pyrollidone (PVP), to slow down absorption of the vaccine. 

The route of administration, the effect of which, for the most, part, must he determined experi- 
mentally. Tt is diffieult to compare the advantage of one injection route over another herausc, 
usually, each route will involve a different volume of antigen. For instance, an intradermal dose is 
much less than the one tolerated subcutaneously or intramuscularly. Animal experimentation has 
demonstrated that, in general, a particulate antigen is more effective if given by the intravenous route; 
a soluble antigen, by the subcutaneous route. 

When the vaccination involves more than one injection, the interval between doses as well as 
the matter of the secondary response must be considered. (See the discussions by Freund (9).) It 
has been proved that « second inoculation of a vaccine, if given after a suitable period of time from 
the first inoculation, will result in a shorter latent period and a higher antibody peak as well us in a 
slower rate of antibody decrease. (In more practical terminology, this is known as the “booster 
shot.’) A third injection, if properly spaced, will also provide, for the most part, a more solid iminu- 
nity. Thus, in the case of nonliving vaceines, # higher and more persistent degree of immunity can be 
achieved by the proper spacing of several inoculations over that offered by a single dose. The 
volumes, the route, and the interval as well as the number of injections must be determined experi- 
mentally. 

From the practical aspect, the multiple-injcetion method of vaccination has several disad- 
vantages: certain individuals may become sensitized so that subsequent injections may prove more 
damaging than beneficial; a certain number of individuals will not be adequately immunized by 
failing to receive the full course of injections and thus become a hazard to unsuspecting groups of 
individuals; multiple vaccinations are more expensive. 

Host Factors. Experiments have demonstrated that certain species, as well as certain individ- 
uals within the species, vary in the ability to resist infection as well as in the capacity to form anti- 
bodies upon vaccination. At one time it was considered that infants were ineapable of good antibody 
production. This opinion has been altered by the numerous instances of infants (three months or 
less) that have developed satisfactory degrees of immunity following vaccination against diphtheria, 
pertussis (whooping cough), and tetanus. 

The theory that host injuries serve as factors which may alter the antibody response has not 
been conclusively proved. Such considerations must be noted, however, until justified or denied. 
Some of these possible factors are: dietary deficiencies; protein deficiencies; heat, cold, or other 
alterations of physical environment; the influence of hormones; and the influence of x-rays. 


A satisfactory vaccine does not always contain the infectious agent per se. For 
instance, a satisfactory vaccine for diphtheria has not yet been prepared by the use of 
the Corynebacterium diphtheriae bacterial cell body alone. However, these bacteria 
produce a powerful “soluble” (nonparticulate) toxin (exotoxin) which is responsible 
for most, if not all, of the characteristic features of the disease. Exotoxins are highly 
antigenic, aud it is possible to induce a state of active immunity by the use of a vac- 
cine containing a modified (nontoxic) form of the toxin called the toroid (see Vol. 10, 
p. 245). 

In other instances, such as typhoid fever, which is caused by Salmonella typhi, 
toxins also play a characteristic role during the course of the disease. These toxins, 
however, are endotoxins and are only weakly antigenic, Satisfactory immunity is 
produced by the use of the bacterial cell bodies of (usually) several species: S. 
paratypht A and S. paratyphi Bin combination with S. typhi. In still other instances, 
a suitable vaccine may contain the infective agent per se along with a soluble antigenic 


VACCINES 491 


component as in dhe preparations used for immunizing against Roeky Mountain spot- 
ted fever and epidemie typhus. 


General Characteristics and Qualifications 


The desirable qualities of any successful vaccine are (18): (a) the vaccine should 
he safe for administration. It should not be virulent and should not produce any- 
thing more than a minimum local or systemic reaction. (b) the vaccine should be 
capable of producing an immunity against a wide variety of the different types (species) 
of a particular infections agent; (c) a vaccine should provide an adequate immunity 
by means of only a few inoculations; (d) the immunity so produced should be durable; 
(e) it should be possible to prepare the vaccine on a mass-production basis; (f) the 
vaccine should be inexpensive. 

The various preparations that can be used to obtain satisfactory immunization 
are (14): 

Living, Fully Virulent, Disease-Producing Agents. The administration of such 
preparations will, in all probability, produce the disease and afford an immunity 
identical to that produced by accidently contracting and experiencing the infection. 
The immunization of humans is rarely attempted by the use of vaccines of this type. 
In experimental work with animals, however, such procedures are often used. It is 
possible, in certain cases, to modify the effect of the virulent agent in various ways: (2) 
administering such a preparation after a certain amount of immunity has been pre- 
viously established by the use of other varieties of vaccines or nontoxic substances; 
(2) using such a vaccine in conjunction with a specific antiserum (a procedure often 
used for immunizing swine against hog cholera); (8) administering sublethal doses of 
such a vaccine and gradually increasing the dosage ‘as effective immunity develops; 
(4) administering a vaccine of this type by a route that may be unfavorable for pro- 
ducing the fully developed infection. 

Living Infectious Agents Whose Virulence Has Been Reduced (Attenuated). 
At least three different situations exist that have permitted the preparation of vaccines 
of this type: (1) It is possible to produce an attenuated form of certain bacterial and 
viral agents by propagating the agent in an unfavorable environment or in a host other 
than that in which the disease normally oceurs. The virulence of several bacteria 
(Escherichia colt and various species of Salmonella) can be reduced by culturing the 
organisms at an unusually high temperature or in the presence of specific immune 
serum, Pasteur converted the virulent “street’’ form of the dog rabies virus into the 
modified “fixed” form by serially passing the virus in rabbits. The virulent form of 
the yellow fever virus was rendered avirulent hy being propagated in tissue culture (19). 
The close immunologic relationship between the variola (smallpox) and vaccinia (cow- 
pox) viruses (see p. 488, refs. 12,13,28) permits the use of the vaccinia virus (virulent 
in cattle, avirulent in man) for conferring immunity against the variola virus (virulent 
inman). (3) Occasionally, an agent is isolated, in nature, that is capable of producing 
immunity without demonstrating the property of virulence. A particular strain 
(Towa) of rickettsia exists which exhibits no evidence of virulence in laboratory animals 
but will protect such animals against a fully virulent form of the agent of Rocky 
Mountain spotted fever (2). 

Killed Infectious Agents. Such preparations immunize without producing the 
disease in any form. Vaccines of this type; such as typhoid, pertussis, and cholera 
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vaccines, ete., are useful against agents that produce no soluble toxin, The living 
agents may be killed ly means of heat, treatment with chemicals, or iy means of 
ultraviolet irradiation. 

Antigenic Fractions or Products of Infectious Agents. Vaccines of this type 
cousist. of toxins, toxoids, partially autolyzed cells (pneumococci), or protective 
antigenic fractions produced by physical treatment (Hemophilus pertussis (24,25)). 

A Mixture of Immunizing Substances. Such a vaccine may consist of: (/) A 
toxin and an antitoxin: (2) a combination of one or more toxoids in conjunction with a 
suspension of bacteria (such as one containing diphtheria and tetanus toxoids and the 
whooping cough bacillus (Hemophilus pertussis)); (8) several species of one genus of 
hacteria (typhoid-paratyphoid, see p. 494) or of viruses Gnfluenga vaccines usually 
consist of one or more strains of Type A prime, one of Type A and one of Type B); or 
(4) one or more species of bacteria of several genera such as one contaming suspensions 
of Micrococcus catarrhalis, H. influenzae, Bacillus friediandert, and several species of 
streptococci, staphylococci, and pneumococci. 

Antigenic Substances Not Related to the Particular Infection Involved. Al- 
though foreign protein therapy is not popular at the present time and such prepara- 
tions are not considered vaccines for active immunization as defined at the beginning 
of this article, the previous wide use of preparations of this type warrants a brief clis- 
cussion, The therapeutic (not prophylactic) value of the parenteral use of such prepa- 
ralions as milk, normal blood serum, peptone, bacterial vaccines (typhoid), as well as a 
mixture of proteins obtained from nonpathogenic bacteria, is to produce a nonspecific 
systemic reaction characterized by shock, fever, vascular dilatation, and certain 
hlood ceHular activity, Such vaccines were once extensively used in conditions such 
as pneumonia, puerperal sepsis, arthritis, various nervous diseases (multiple sclerosis, 
peptic uleer), and certain ocular diseases (29). 


Vaccine Production Methods 


There are viwious methods of preparing vaccines suitable for mmunizing against a 
variety of infectious agents, which include bacteria, rickettsiae, and viruses. Vac- 
eines produced by means of standard laboratory-maiutained agents are called stock 
vaccines, while those prepared by means of the patients’ own particular infectious agent 
are called ailegenous vaccines. The selected method, in most instances, depends upon 
the properties or characteristics of the disease-producing agent. In general, the fol- 
lowing problems must be met: (/) selecting a particular strain (species or type) of the 
agent; (2) propagating the agent under known controllable conditions; (3) separat- 
ing the desired antigenic substances from those neither desired nor required; (4) 
reducing or destroying virulence (or toxicity) without reducing or destroying the anti- 
genic properties of the components; and (4) preserving the final product so that its 
immunizing capacity will be retained for a satisfactory period of time under optimum 
storage conditions. 

So-called “preserving agents” may be added to yaceines, bit they are preservative 
ouly in the seuse that such compownds insure against bacterial (or other) contamination 
aud will thus prevent the destruction of the product by such means. These com- 
pounds do not prevent the gradual degradation of the protein constituents with the 
attendant loss of antigenicity. “Tiling agents” and “preserving agents” are usually, 
chemically, the same compounds, for example, formaldehyde, phenol, tricresol, 
sodium (ethylmereuri)thiosalicylate (thimerosal), and phenylmercurie borate. 


VACCINES ADB 


All licensed vaccines (see p. 501) produced for market distribution must couform 
to the standards, if such exist, a8 outlined by the National Institutes of Health of the 
Federal Security Agency (for human products) or the Animal Inspection and Quaran- 
tine Branch (formerly Bureau of Animal Industry) of the Department of Agriculture 
(for animal praducts). 


BACTERIAL VACCINES 

The present discussion includes ouly those vaccine preparations coutaiming the 
bacterial cell body per se; for the production of vaccines containing soluble constitu- 
cents of bacteria (toxins), see Serums and serology, Vol. 12, p. 184. The efficacy of 
a vaecmne depends upon the antigenicity of the mfectious agent and not uccessarily 
upon whether the bacteria cau be grown in the laboratory ou artificial or semisyn- 
thetie media. Certain bacteria, such as the typhoid and related organisms, are 
“good” antigens while the gonococeus, for instance, is a poor” antigen (27). Further- 
more, & vaccine that is capable of producing wn adequate immunity in oue individual 
may not produce the same degree of immunity in another inclividual, 

Even after it has been established that it is possible to produce a satisfactory de- 
gree of Immunization by means of a certain bacterial vaccine, the matter of selecting 
wid maintaining a particular bacterial strain suitable for vaccine production remains. 
After a suitable strain has been selected, it is usually preserved by vacuum drying. 
In certain cases, the property of virulence may be associated with desirable antigenic 
features, necessitating the maintenance of a virulent steck culture. In other instances, 
eertain antigenic structures vary with the cultural morphology of a strain (or variant), 
for example, the antigenic structure of a rough, noumotile variant of Salmonella typhi 
is not the same as that possessed by a smooth, motile form. After the desirable anti- 
genic properties of a strain have been ascertained, the strain is checked at frequent 
intervals to insure that these qualities have not been lost. Serial passages through 
animals often restore virulence, while frequent transfers on suitable media will restore 
smuothness, aud propagation on moist media or in broth will restore motility. Un- 
desired antigens, on the other hand, may be eliminated or suppressed by culturing or 
exposing the bacteria to various immune scrums, by culturing under adverse conditions, 
or by treatment with certain chemicals. 

The culture media required for propagating the bacteria may vary from a simple 
beef infusion agar or broth to a more complicated variety that may require blood 
serum or whole blood. In any event, the media used should not coutain substances 
antigenic for humans unless it is possible to remove the bacterial growth from the media 
al some stage during the manufacturing process, Certain ingredients cannot he 
employed in media for the production of toxoids because of the presence of human blood 
group A substanee. Tf the organisms are cultured in broth, they may he recovered 
(and washed, if necessary) by centrifuging or filtering. If grown on solid media, they 
may be removed by washing as noted in the example given below. 

Except for the production of certain vaceines for use in animals, the organisms 
must be killed. This may be accomplished by the use of chemicals, heat, or by ultra- 
violet irradiation. The method must be determined by experience, since a method 
that may prove satisfactory for one variety of bacteria without destroying antigenicity 
(or at least provide a minimum of antigen destruction or alteration) may not be suit- 
able for another variety. The killing agent or method of killing must ‘not be sueh 
that it will produce harmful effects in humans. 
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Bacterial vaccines are usually standardized by making counts (see p. 495) of the 
numbers of organisms, although the potency test (see p. 495) is the actual method of 
determining the effectiveness of the product. 

Typhoid and Paratyphoid Vaccine. This preparation is referred to as a polyvalent 
vaccine since it contains three different bacterial species of the genus Salmonella (S. 
typhi, S. paratyphi A, and S. paratyphi B). In actual practice, three separate con- 
centrated stock (bulk) vaecines are prepared; one for each species of Salmonella. The 
finished vaccine cousists of a diluted mixture of aliquot portions of each stock vaccine. 
With the exception of the different bacterial species selected and the varying of certain 
tests that may be required to insure the purity and potency of each species as well as 
the, difference in the numbers of each species contained in the finished vaccine, the 
rurious production procedures are essentially the same for each species. 


The species of Salmonella selected are: S. typhi (No. 45-Panama strain No. 58A), 8. poratyphi A 
(strain No. 6A, Army Medical Center No. 41-N-22), and S. paratyphi B (8. schottnutlleri, strain No. 
10B, Army Medical Center No. 41-II-6). 

All stock cultures are preserved in the dried state. The motility, purity, and identity of each 
organism are frequently checked. At designated intervals, the dried cultures are plated out on a 
suitable agar medium contained in Petri dishes. Typically smooth colonies are selected and replated. 
The 4-6 hour growths (at 387°C.) are examined as noted above. The morphology and motility are 
noted as well as the characteristic physiological and chemical reactions that occur in various ferment- 
able substances. Agglutination tests are also conducted by means of appropriate specific antiserums 
(see Vol. 12, p. 189). 

The seed inoculum is prepared by removing the growth from a 6 x 54 in, agar slant by means of 
5.0 ml. of broth. The purity is rechecked (Gram stain). The 5.0 ml. quantity of broth is used to 
inoculate a larger quantity of broth (300 ml.) which is incubated at 37°C. for from 4 to 6 hours, The 
final culture constitutes the seed inoculum. 

A large series of bottles (100 or more) containing slants of beef infusion agar are inoculated by 
introducing a small volume of secdlihoculum onto the surface of the agar. After an incubation 
period of 15-18 hours at 37°C., the growth from each slant is removed in 20-25 ml. of sterile buffered 
(pli 7.2) physiological salt solution®(saline), The suspensions are examined for purity and the 
organisms are then killed by heating the suspensions at 56°C. for 70 minutes. After cooling, liquid 
phenol is added to a final concentration of 1.0%. The suspensions are allowed to remain overnight at 
room temperature. Sterility tests (see p. 495) are made. If satisfactory, the suspensions are filtered 
through fine-mesh silk, samples are removed for additional tests, another sterility test is conducted 
on the balance of the stock, and the stock bottles are sealed and stored at 4°C. until needed. 

The bacterial growth from 100 bottles of beef infusion agar slants usually yields 2 liters of 
suspension, The suspensions usually contain 45-60 billion organisms per milliliter in each case. 

The finished typhoid and paratyphoid vaccine is prepared by diluting and mixing aliquot 
portions of the three stock vaccines with buffered saline in such a manner that the final preparation 
consists of a suspension of 1000 million S. typhi organisms per milliliter and 250 million each of 8S. 
paratypht A and S. paratyphi B per milliliter with a phenol content of 0.5%. 

The finished vaccine is examined by meaus of purity, sterility, and sufety tests (see below), A 
chemical analysis is also made to determine the quantities of salt (NaCl), phenol, and total nitrogen, 
which must not exceed 0.055 mg./rl. 

Tn addition to these tests, the finished vaccine is examined for potency. Potency test limita- 
tions have been established for the S.’typhi component only; such limitations have not been proposed 
for the 8. paratyphi A or the 8. paratyphi B components, as the uncertainty of killing an animal when 
either of these components is used makes vaccine evaluation difficult. In actual practice, a potency 
test is also conducted on the stoek 8, -¢yphi material in order to be certain that the stock can subse- 
quently he used in preparing the finished vaccine and still pass a satisfactory potency test. 


The various tests that are conducted on the stock vaccine are as follows (certain 
of these tests, as well as others, that may be required by the National Institutes of 
Health (8) are also conducted on the finished vaccine): 
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Bacterial Counis. This test consists of determining the density of several successive dilutions 
of the suspension by means of an electric-type colorimeter. By means of the gulvanometer readings, 
the bacterial counts may be computed by the use of a previously prepared specific curve chart. The 
counts usually fall within the range of 40-60 billion organisms per milliliter. 

Safety Tests. Two milliliters of stock vaccine is diluted 1:4 with 0.25% phenol-suline. At 
Jeast. 2 mice are inoculated, subcutaneously, with 1.0 ml. each. The mice are observed over a 10-day 
period. Both must remain alive and well. 

Sterility Test. Aliquot portions of each stock vaccine are aseptieally placed in bottles of an 
appropriate nutrient broth. One series is stored at room tempersture and another at 32°C. All 
containers are observed for 7 duys for evidence of bacterial (or uther) growth. Coutaminated stuck 
vaccines are not used for preparing the finished vaccine, 

Identity Test. Aliquot portions of stock vaccine are couceutrated to contain 100 billion organ- 
isms per milliliter, Jzach concentrate is examined for identity by conducting a rapid slide agglutin- 
ation test using specific serums, cach containing antibodies to the untigens of S. typhi, 8. paratyphi A, 
and S. paratyphi B, respectively (sce Vol. 12, p. 185). 

Purity Test, Asmal! quantity of the material is smeared on glass microscope slides and stained 
by means of the Gram procedure. Al! Sadmonella organisms ure Grum-negative, Gram-positive 
organisms should not be present. This test is a quick preliminary method for picking up Gram- 
positive organisms. Foreign Gram-negative organisms are picked up later on culture (sterility test). 

Poteney Test (8) (conducted on stock §. typhi and finished vaccine only). This test is a means 
of comparing the ability of the test vaccine to immunize mice against the immunizing capacity of 2 
standard reference vaceine of known potency. The test consists of determining the survival rates, 
in compurison with coutrols, of various groups of mice given successive graded doses of test and refer- 
euce vaceine (by the intraperitoncal route) and constant doses of a living virulent suspension of 8. 
typhi (in 5.0% mucin) inoculated by the same route. The potency of the test vaccitie must equal or 
surpass that of the reference standard. If the number of deaths for the “test’’ vaccinated mice is 
not more (for each corresponding dose) than 1 mouse greater than the number of deaths for the 
‘veference’ vaccinatcd mice, the test vaccine is considered equal to the reference vaceine. As a rule, 
however, test results are not as clearly indicative ag this. Then it is necessary to resort to a suitable 
method of statistical analysis whereby the 12 Dsq (the dose effective for 50% of the mice) can be caleu~ 
lated as well as the estimated error (standard error). From these figures, the relative potency of the 
test vaccine, us compared with the reference vaccine, can be estinated as; 


EDs reference vaccine 
EDso test vaccine 





The vaccine is considered satisfactory if the relative potency exceeds 0,6 (60%). 

Typhoid and paratyphoid vaccine is usually dispensed in 1.5 ml. (for ] immunization) and 15 ml. 
(for 10 immunizations) quantities. The vaccine remuins suitable for use for an 18-month period 
from the date of release under optimum storage conditions. 


RICKETTSIAL VACCINES 


The rickettsiae, unlike bacterial organisms, require the presence of living cells m 
order to propagate. This fact complicates the production of rickettsial vaccines in 
that the matter of separating the rickettsial cell bodies, or their soluble substances, 
from the living tissues of the host presents, in most instances, a difficult problem. 
Until it was demonstrated that rickettsiae could be grown in the yolk sac membranes 
of living chick embryos (8), the organisms were cultivated in the living tissues of 
various insects, which were, in most cases, the vectors of the disease. A vaccine for 
Rocky Mountain spotted fever, for example, was prepared from material obtained 
by artificially infecting ticks (Dermacentor andersonit) with Rickettsia rickeltstt (32). 
A vaeciue for typhus fever was also prepared from lice artificially infected with R. 
prowazekii (Weigl’s louse vaccine (35)). In other instances, the infected tissues of 
various infected lsboratory animals (mouse spleen, rat lung) have beeu utilized in 
preparing effective rickettsial vaccines. (See refs. 7,10,11,22,26.) 
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For mags production purposes, a method utilizing rickettsial growth produced in 
the chick embryonic yolk sac, together with procedures involving the treatment of the 
material with lipide solvents (4) to remove soluble egg lipides as well as tissue, is far 
more practical. There are at least. tivo instances, however, in which the above method 
has not produced a suitable vaecine; ¢.¢., in the case of Q fever (Coxzella burnelzt) 
and scrub typhus (2. lsv/sugamushi). In these instances, it has been considered that 
failure to effect satisfactory immunization is due to the absence of a ‘soluble substance” 
which results, at least in part, from the action of the lipide solvent (7). Reports have 
been made concerning the use of a living vaceine in the case of serub typhus (31). 

Various rickettsial strains can be maintained in embryonated eggs or in animals. 
Most strains suitable for vaceine production are highly virulent, and the virulence 
may be maintained by conducting frequent passages in susceptible laboratory animals. 

The purity and identity of the strains ean be checked by various ¢n rira tests 
(complement-fixation-—see Vol. 12, p. 189) and im vive tests. In the latter instance, 
animals that have survived an intentional infection by receiving sublethal doses of 
virulent material remain immune to subsequent lethal doses of exceptionally virulent: 
material. Challenging vacciuated animals is also a means of identifying a rickettsial 
slrain. 

Certain tests that may be required to cheek the identity, potency, purity, and 
safety of a rickettsial vaccine are noted below. 

Typhus Vaccine (Epidemic Type). The egg-adapted Breinl strain of Rickclisia 
prowazekit (the causative agent of classical louse-borne (European) epidemic typhus 
fever) is used in preparing a vaccine for immunizing against this disease. The rickett- 
giac are maintained both by passage in guinea pigs and in embryonated hen eggs. The 
virulence of the agent is checked by frequently observing its ability to kill or produce 
the disease in guinea pigs, to kill embryouated eggs, and to produce a toxic substance 
in eggs that will kill Swiss white mice. The iceutity of the agent is continually checked 
as well as its immunizing capacity, by vaccinating guinea pigs with vaccines produecd 
in other laboratories and subsequently challenging them with the stock strain, The 
ability of the various vaccines to produce serum antibodies that will specifically 
neutralize the toxic substance noted above is algo observed. 


Prior to vaceine production, a seed inoculum is prepared from selected infected yolk sac mem- 
branes that have been homogenized in a suitable medium (skimmed milk or casein digest solution). 
This is titrated to determine the optimum dose, which, contained in 0.2 ml., produces maximum 
growth in yolk sac membranes and kills or produces moribund embryos in 40-50% of the eggs 7 or 8 
days after inoculation, 

Also, prior to vaccine production, especially selected infected yolk sae membranes are examined 
for maximum rickettsial growth and for the abilily to produce a toxic substance that. will kill white 
mice by intravenous incculation, The LDgu dose of toxic substance (he dose that will kill 50% of a 
given number of inveulated mice within 24 hours) is determined by titration. The membrane sus- 
pension is then diluted so that 4 LDjo doses will be contained in 0.5 ml. 

Both the suspensions of seed inoculum and toxic substance are preserved at —4U° to —50°C, 
for considerable periods of time—frequently as long as 12 months. 

Salmonella-free, 7~day-old embryonated, hen’s eggs are used for vaccine production. The eggs 
are candled before inoculation to ensure that the embryo is not, dead. A small hole is drilled through 
the shell of the air sac end of the egg (without penetrating the membranes) with a silicon carbide drill. 
The area is cleansed with an antiseptic solution and by means of a hypodermic syringe fitted with a 
21-gage J-in. needle, 0.2 ml. of inaeulum js aseptically introduced into the yolk sac fluid. The punc- 
turc is sealed with a drop of collodion-ether mixture, and J] inoculated eggs are placed i in an incubator 
miintained at 34-386°C, at 70% rh. 


On the fourth day after inoculation, the eggs are candled, sud all eggs containing dead embryos 
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are discarded. The eggs are again candled on the fifth and sixth days, and all dead eggs ure stored 
in the cold (5°C.). When 40-50% of the eggs are either dead or moribund, possibly on the seventh 
or eighth day after inoculation, and microscopic examination of the yolk sac membranes of a few 
eggs selected at random exhihits suitable rickettsial growth, al) eggs are removed from the incubator 
and stored (usually overnight) in the cold until harvested. 

The infected yolk suc membranes are removed from the egg by first dipping the egg in an anti- 
septic and allowing it to dry purtially. The egg is then cracked, und the entire contents are placed 
on a sterile wire mesh screen. The yolk sac membruncs are removed and freed of excess yolk fluid 
with sterile forceps. The membranes are placed in a suitable container in an ice-water bath. 

Convenient quantities of membranes are measured by volume, and a quantity of physiological 
saline sufficient to make a 15% yolk sac suspension is added, The mixture is homogenized in a 
Waring Blendor and placed in a separatory funnel or aspirator-type bottle, From }4 to }4 the volume 
of ethyl ether is added and the mixture is shaken and allowed to stand overnight in the eold (6-8°C.). 
The following morning, the bottom (aqueous) layer is removed and stored at 6-8°C. A 14 volume of 
physiological saline (based on the volume of the original 15% suspension) is added to the yolk sac- 
ether layer remaining in the funnel. The mixture is shaken and again placed in the eold overnight, 
The aqueous layer is recovered the following morning and pooled with the aqueous Iayer previously 
obtained. The ether is removed from the aqueous layer under reduced pressure. 

Formaldehyde is added to 0.05% concentration in solution form. Sodium (ethylmereuri }thio- 
sulicylate is added to make a final concentration of £:10,000. This preparation constitutes the “bulk” 
vaccine, 


Before its release as a finished vaccine, the bulk preparation must satisfactorily 
pass certain tests, some of which are also conducted on the finished vaccine (6). 


The sferilily of the vaccine is determined by « similar test to that for bacterial vaceines (see 
p. 405). 

The potency of the vaccine is determined by the mouse neutralization test (6). Male guinea 
pigs are vaccinated, subcutaneously, with 2 doses of vaecine spaced 7 days apart. The animals are 
bled 14 days after the last injection and aliquot portions of the serums of each animal are pooled. 
Portions of each of two saline-serum dilutions are separately mixed with equal portions of the toxic 
yolk sac suspension noted above. The various serum-yolk sac mixtures are held at room temperature 
for 2 hours. Each mixture is inoculated into separate groups of Swiss white mice und the animals are 
observed for a period of 24 hours. To satisfactorily puss the potency test, the vaccine must produce a 
serum which, in 2 1:16 dilution or higher, will protect mice for 24 hours ageinst 2 LD» doses of toxic 
substance. 

A safety fesf is performed on the bulk vaceine by inoculating, by the intraperitoneal route, 2 or 
more healthy guinea pigs (400 g.) with 5.0 ml. each of vaccine. Temperatures are recorded lor 12 
days. The temperatures should not rise above 39.6°C, after the first 3 days, and all animals must 
remain normal. 

The safety testing of the finished vaccine consists of inoculating, intraperitoncally, 2 or more 
healthy guinea pigs (300-400 g.) and 2 or more healthy mice (18-20 g.) with 5.0 ml. and 0.5 ml. each 
of vaccine, respectively. All animals must survive for 7 days without developing any symptoms 
(weight change, temperature rise, ete.) that can be attributed to the vaccine, 

The finished vaccine is also subjected to various other tests that. may be required hy the National 
Institutes of Health (6), such as: an identity test, chentical analysis for tofal uitrogen content, and 
chemical analysis for determining Lhe quantities of preservatives added (formalin and sodium (ethyl+ 
mercuri )thiosalicylate). 

The finished vaccine is stored at refrigerator temperatures (2-5°C.) and must remain suitable 
for producing a satisfactory state of active imnrunity for at least 18 months after the date of release 


(6). 
Typhus vaccine is usually supplied in 1.0 and 20.0 ml. quantities, which are suf- 
ficient for 1 and 20 immunizations, respectively. 
VIRAL VACCINES ; 
The most effective viral vaccines to date have becu those consisting of a living, 
modified (atLenuated) virus incapable of producing the fully virulent disease in the 
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vaccinated individual. The active immunity produced by the use of attenuated viral 
vaccines is usually considered to be nearly identical to that produced by actually 
experiencing the disease. The immunity is extremely effective as well as of long dura- 
tion. The intentional attenuation of viruses has been achieved, however, in only 
certain instanees: rabies (for cattle aud dogs), yellow fever, hog cholera, distemper, 
Neweastle disease, and a few others. In most cases, the administration of killed viral 
vaccines has been adopted to ensure the safety of the individual. 

The immunity conferred, as a rule, is less effective and of shorter duration than 
with the attenuated vaccines, although killed viral vaceines have been used suceess- 
fully against such diseases as: influenza, mumps, rabies (Semple vaccine for human 
use), various forms of arthropod-borne encephalitis, and other viral diseases of both 
man and animals. ‘The killing of virus particles either by chemical or plrysical means 
usually destroys a portion of its antigenic properties, possibly owing to the fact that: 
the particle possesses more than oue antigenic component, one of which is unstable. 
For instance, the vaccinia virus has several unstable components; at least one of the 
utigenic compouents of the psittacosis virus is affected by phenol; the mouse toxin 
of the Newcastle disease virus is destroyed by freezing (see also ref. 16). 

In certain cases, an effective and durable form of immunity can be achieved by 
the simultaneous administration of a fully virulent virus and a specific, protective 
antiserum. 

Considerable controversy has existed involving the relative merits of a killed or a 
living viral vaccine for the prevention of poliomyelitis, The situation is complicated 
in that there are at least three serologically distinct varieties (strains, types) of this 
virus. ‘The issues under discussion concerned the matter of safety (to the vaccinated 
individual) as well as the protective ability and the duration of the immunity con- 
ferred, At the end of 1954 a large number (approximately one-half million) of children 
in the U.S. received inoculations of the Salk vaccine, which contained three types of 
poliomyclitis viruses propagated in monkey kidney tissue culture aud subsequently 
killed by formaldehyde. Amnouncements made in April 1955 revealed that the 
vaccine proved to be 80-90% effective with practically no adverse effects. The 
duration of such protection was still to be evaluated. 

If the development of a subclinical infection of poliomyelitis by the administration 
of a living, attenuated vaccine can be considered analogous ¢o the immunity produced 
by the attenuated vaccines of smallpox and yellow fever viruses, the results of certain 
curreut experiments indicate that it may be possible to produce a vaccine superior to 
the original killed vaccine. The diminution of the virulence of all three varieties of 
poliomyelitis virus for monkeys has been accomplished by conducting rapid passages 
in tissue culture, The fact that two avirulent varieties produce antibodies upon oral 
administration to human subjects has also been demonstrated. Tn addition to the 
encouraging results of these basic studies, the adaption of one variety of the virus to 
the chick embryo has been accomplished. The latter achievement, makes it possible 
to propagate the virus in a medium not likely to be contaminated with other viruses as 
well as in a medium readily adaptable to large-scale vaccine production. As yet, 
however, stable avirulent viruses of the three known types do not exist aud not all of 
the above noted accomplishments have involved these three variant strains. (See 
references 8a, 17, and 23a for discussions concerning poliomyelitis vaccines. Also, 
published reports were uot yet available in April, 1955, concerning the proceedings of 
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the Third hiternational Poliomyelitis Conference (Rome, 1954) nor of the Conference 
on Biology of Poliomyelitis (New York, January 20 and 21, 1955)). 

Because of the various particular properties of viruses, the matter of preparing 
effective vaccines presents many problems. The size of virus particles is such that 
they do not readily lend themselves to concentration and purification procedures 
applicable to otber infectious agents. The size may vary from 450 mg for the psilta- 
cosis virus (visible by meais of the ordinary light microscope) to 240 my for vaccinia, 
115 my for influenza, 25 my for poliomyelitis, and 10 my for the virus of hoof and mouth 
disease, as compared with the size of the typhoid bacillus, which varies from 1.0 to 
3.0 by 0.5 yu. 

The fact that: viruses propagate only in living cells also complicates the matter of 
vaccine production. Certain virtises, such as influenza, mumps, and Neweastle, cen 
be cultivated on living membranes and in the relatively clear fluid of the chick embryu. 
The collection of the chorioallantoic membranes and fluid is an easy matter and to 
separate (and concentrate) the virus from such material involves relatively simple 
procedures. Other viruses, however, propagate only in such dense tissues as the brain 
or spinal cord, spleen, and blood, and the separation of the virus from such material 
is extremely difficult or impossible without completely destroying the effective anti- 
genicity of the virus. 

When membrane or chick embryo fluid is used, the finished vaccine contains very 
little host tissue, and the proportion of virus to tissue is large; while with brain or 
spiual cord, ctc., the finished vaccine contains a great deal of host tissue and the pro- 
portion of virus to tissue is extremely minute. The presence of such tissue is a con- 
tinual hazard to the vaccinated individual, due to the fact that since the proportionate 
virus content is small, several inoculations of the vaccine may be required to produce 
an effective immunity. The individual thus also develops antibodies to the tissue 
stimulus, which may result in an allergic respouse of some seriousness. The Pasteur 
treatment of rabies, which consists in administering numerous doses of rabbit neural 
tissue (in which the virus has become avirulent) results, in certain instanees, in post- 

raccinal paralysis. Horses that have received a vaecine (containing horse tissue) for 

virus abortion and swine that have received a vaccine (containing swine tissue) for 
hog cholera have been known to develop antibodies that have resulted in the deaths of 
their newborn (20) in & mauner analogous to that of an Rh-sensitized mother whose 
newborn presents evidence of erythroblastosis fetalis. A highly desirable feature of 
vaccines containing large quantities of tissue is that an effective immunity is produeed 
that will persist for many years, 

Hog Cholera Vaccine. ‘he method deseribed involves the production of a 
vaceine suitable for immunizing swine against the infectious viral agent of hog 
cholera by means of a live virus that has been modified (attenuated) by continued 
propagation in rabbits (15,16,36). 

The rabbit-adapted strain of hog cholern virus is maintained in the living state by continually 
inoculating rabbits intravenously with 2.0 ml. of 10% (by volume) infected minced-rabhit. tissue or 
whole defibrinated blood from infected rabbits. Such passages are made every 3-5 days, Stock 
virus is also kept by freezing and drying (under high vacuum) infected rabbit tissue or blood, 

The purity of the virus is frequently checked by inoculating suseeplible swine and challenging 
them after 7 lo 2! days with a virulent, living strain of hog cholera virus. The survival of the chal- 
lenged animals confirms the identity of the immunizing agent. The bacterial sterility of all virus- 
containing material is continually checked by inoculating a suitable culture medium with aliquot. 
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portions of infected blood or tissue. Observations of the media, both at room temperature and at 
37°C., are made for « 48-hour period. 

Healthy rabbits, 8-9 Ib. in weight, of either sex are used for vaccine production. The animals 
ure inoculated intravenously with 2.0 ml. of infected tissue or blood (sce above). After 3-5 days, the 
rabbits are exsanguinated by cardiac puncture while under anesthesia, The blood is collected in a 
closed receptacle (kept in an ice Water bath) containing an anticoagulant solution. Since the virus 
is pantropie (found in various organs and tissues), the heart, spleen, liver and kidneys are also asepti- 
eally removed from each rabbit. These organs are weighed, minced, and mixed with a sufficient 
quantity of sterile saline containing a stabilizing agent such as casein hydrolyzate (N-Z-Amine B) 
to muke a 30.0% tissue suspension by weight. Blood and tissue suspension «we then combined in 
aliquot proportions and mixed with a quantity of §.0% sodium citrate solution sufficient to make a 
12.0% suspension based on the combined weights of blood and tissue. The final suspension is 
homogenized in an Eppenbuch mill. 

The material is successively passed through sterile gauze and bolting silk and remixed to insure a 
homogeneous suspension, Samples are removed for bacterial sterility testing. A preserving agent, 
is not added. The balance of the suspension is aseptically dispensed into suitable vials of convenient 
size. The contents are vacuum-dried, and the vials are sealed under high vacuum, 

For vaccination and testing purposes, the dried contents of the vial are reconstituted to the 
original volume with water. 


Reconstituted vials are checked for bacterial sterility (see p. 499) safely, and po- 
tency. 


Safety Tesi. Wight mice (18-22 g.) are inoculated, subcutaneously, with 1.0 ml. of reconstituted 
vaceine and observed for a period of 7 dais. At least 7 mice must survive this period without showing 
symptoms that ean be attributed to pathogenic bacteria present in the vaccine. 

Potency Test. At least 14 swine (40-115 lb.) are required for this test; 10 for immunization and 
4for controls, The control swine are kept in pens well separated from the immunized group. Swine 
are immunized by means of injecting 2.0 ml. of the reconstituted vaccine into the inner thigh muscles. 
After a 7 day period, all swine, ihcluding the controls, receive an intramuscular injection of 2.0 ml. of 
hog cholera virus fully virulent for swine. - 

To pass a satisfactory potency teat, at least 3 of the control swine must be visibly sick on the 
third day after inoculation, develop grave symptoms, and, if killed or found dead, exhibit typical 
lesions; while at least 9 vaccinated swine must remain alive and well throughout this period, 

Additional testings of the finished vaccine may also be required, such as may be designated by 
the Animal Inspection and Quarantine Branch of the United States Department of Agriculture. 

This vaccine is usually dispenstd in quantities sufficient for 5, 10, 25, or 50 immunizations and, 
in the dried form, is potent for at least 1 year if stored at refrigerator temperatures. The aetive 
immunity induced by means of this vaccine remains for 2 years or more. 


CUTANEOUS IMMUNITY TEST AGENTS 

Although the preparations noted here are administered in a parenteral mamner 
(subcutaneously), they are used to determine the state of immunity or susceptibility 
(diagnosis) rather than to prodtce active immunity (prophylaxis). 

Individuals who have been exposed to, or suffer from, tuberculosis, lymphogranu- 
loma inguinale, Ducrey’s disease (chancroid), trichinosis, mumps, and various other 
(liseases become hypersensitive to certain antigenic components of the infecting agent. 
If such individuals receive an inoculation of a preparation consisting of the respective 
antigenic substances, they usually exhibit an allergic response as evidenced by the 
development, of a characteristic erythematous or indurated area (wheal) at the site of 
theinjection. This is called a “positive skin test.” 

The interpretation of such a test varies with the particular disease involved in that 
a state of immunity is indicated, but it does not indicate whether or not the infection 
is either recent or active. 

In determining individual susceptibility to scarlet fever or diplitheria, the skin 
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test involves a somewhat different situation. Preparations consisting of the toxic 
principles of the Streplocacens pyogenes or Corynebacterium diphtheriae organisms 
produce, in normal individuals, a characteristie wheal at the site of injection, TH the 
individual, however, possesses circulating antibodies to either of these toxins, the 
toxic substance will be neutralized and the skin reaction will not appear. Thus, if the 
test is positive, the individual is susceptible since detectable antibodies are not present 
with which to combat infection; if the test is negative, the individual is immune since 
detectable antibodies are present which, if of adequate strength, will prevent infection. 

Such skin test procedures are known by a variety of names, such as: the Dick test 
(scarlet fever); the Schick test (diphtheria); the Frei test (ymphogranuloma in- 
guinale); the Ito-Reenstierna reaction (chancroid); the von Pirquet reaction (adminis- 
tration of tuberculin by means of the scarification procedure); the Mautoux test 
(intradermal method of administering graded, measured quantities of tuberculin). 

See also Allergens. 


Recognized Preparation and Licensed Vaccines 


Vaccine preparations for humaus that are recognized by U.S.P. XTV, N.F. TX 
and N.N.R. are: Bacterial vaccines: cholera, N.F., N.N.R. 1952; pertussis (also 
alum precipitated ), U.8.P., (also alum precipitated; ahiminum hydroxide adsorbed), 
N.N.R. 1954; plague, N.F.; typhoid, U.S.P.; typhoid~paratyphoid, U.S.P.; undulant 
fever, N.N.R. 1953. Rickettsial vaccines: Rocky Mountain spotted fever, N.N.R. 
1952; typhus (epidemic), U.S.P. Viral vaccines: influenza (polyvalent), N.N.R. 
195-4; rabies, U.S.P.; small pox, U.8S.P.; yellow fever, U.S.P. Mixed vaccinés: 
diphtheria toxoid and pertussis combined, U.S.P., (also alum precipitated; aluminum 
hydroxide adsorbed), N.N.R. 1954; diphtheria and tetanus toxoids and pertussis 
combined (also alum precipitated; aluminum hydroxide adsorbed), N.N.R. 1954. 
Cutaneous immunity test agents: diphtheria toxin (Schick test), U.S-P.; Scarlet 
fever toxin (Dick test), N.F.; Tuberculin (old), U.S.P., (purified protein derivative of 
tuberculin (P.P.D.)), US.P. oN. N.R. 1954. é 

Various manufacturing concerns have been licensed (84) to prepare and market 
the following vaccines (vaecines prepared with ‘No U.S. Standard of Potency” are 
not included): Bacterial vaceines: cholera, pertussis (alum precipitated), pertussis 
(fluid), plague, typhoid, typhoid-paratyphoid. Rickettsial vaccines: Rocky Moun- 
tain spotted fever, typhus (epidemic), typhus (murine). Viral vaccines: influenza, 
encephalitis (herpes ‘‘F”’ strain), equine encephalomyelitis (eastern), equine encephalo- 
myclitis (western), mumps, rabies, smallpox. Mixed vaccines: diphtheria toxoid 
and pertussis combined, diphtheria and tetanus toxoids and pertussis combined. 
Cutaneous immunity test agents: diphtheria toxin (Schick test), lymphogranuloma 
venereum, mumps and histoplasmin, scarlet fever toxin (Dick test), tuberculin: 
autolytie (old), P.P.D., patch test. 

Various veterinary vaccines that have been produced by license (33) are: Bac- 
terins (bacterial vaccines): anthrax, avisepticus-gallinarum, blackleg, blackleg- 
hemorrhagic-septicemia, bronchisepticus-coli-pasteurella, bronchisepticus-strepto- 
coccus, bronchisepticus-streptococcus-typhimurium, clostridium chauvei-septicus, 
clostridium chauvei-septicus pasteurella, clostridium hemolyticum, clostridium-novyi, 
clostridium perfringens Type D, coli-enteritidis, coli-enteritidis-pasteurella, coli- 
staphylococcus-streptococeus, colon-bacillus, corynebacterium-pasteurella, gallmarum- 
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typhimurium, hemorrhagic-septicemia, pasteurella avicida, pasteurclla-salmonella- 
eholeraestis, pserdomonas-slipltylococeus, salmonella-wbortivoequing, salmonella- 
choleraesuis, salmonella-typhimuriuum, staphyloeoceus-streptocoecus, streptococcus. 
Vaccines and viruses: anthrax (spore), blackleg (tissue), brucella abortus, canine- 
distemper, canine-distemper vaccine in bronchisepticus-streptococeus-typhimurium 
bacterin, canine-distemper virus, cistemper-fox, distemper-mink, encephalomyelitis 
(eastern) (western) (castern and western), erysipelothrix rhusiopathiae, feline-dis- 
temper, fowl-laryngotracheitis, fowl pox, hog cholera (vaccine), hog cholera (virus), 
infections canine hepatitis, Neweastle disease, ovine-eclhyma, pigeon pox, rabies, 
wart. Mixed bacterins: avian, bovine, canine, chinchilla, equine, feline, lepine, 
ovine, porcine. 
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VACUUM GAGES. Sce Electronics, Vol. 5, p. 552; Pressure measurement; Vaeaum 
technique, pp. 506-10. 


VACUUM TECHNIQUE 


Vacuum technology comprises a variety of techniques for producing, measuring, 
and employing gas pressures less than atmospheric pressure. Each technique is 
limited to a certain pressure range, and within a given range the selection of the proper 
equipment and method of operation depend on the process requirements. The unit of 
pressure commonly employed is the millimeter of mercury (abbreviated as mm. Hg), 
and standard atmospheric pressure is chosen as 760 mm. Hg (see Pressure measure- 
ment, Vol. 11, p. 87). Because the range of pressures within the operating limits of a 
giveh pump or vacuum gage is usually several arders of magnitude, data on vacuum 
equipment and processes are frequently presented graphically on a logarithmic pressure 
scale, Many of the important applications of vacuum techniques involve pressures 
less than 1 mm. Hg, and pressures helow 1 mm. Hg are expressed in terms of negative 
powers of ten. Pressures in the range from | mm. Hg to 10-* mm. Hg are frequently 
expressed in microns of mercury (abbreviated w He). 

A pressure of 1 mm. Hg has been somewhat arbitrarily chosen as the boundary 
between the moderate-(low-)vacuum and the high-vacuum regions. Most applica- 
tions of interest to chemical engineers fall in the region from 760 to 1 mm, Hg (24). 
However, in recent years there has been an increased application of high-vacuum tech- 
niques in chemical processing, such as molecular distillation, isotope separation, metal- 
lurgical processes (for uranium, titanium, zirconium, and magnesium), and freeze- 
drying of biological aud pharmaceutical preparations. 

Moderate-(Low-}Vacuum Techniques. Evaporation and. distillation can he 
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carried on at lower temperatures when the gas pressure is reduced. The use of lower 
temperatures reduces the thermal decomposition hazard and the rate of corrosion of 
process equipment. ‘The vacuum required depends on the vapor pressure of the ma- 
terial and the temperature above which decomposition or corrosion is excessive. 
Many materials, which cannot be distilled at or above atmospheric pressure, can be 
distilled without decomposition in the range from 1 mm. to 760 mm. Hg. 

Vacuum pumps are sometimes used merely to create a pressure differential across 
matevial to be moved (for example, in filtration, lifting and circulation of liquids, and 
vacuum cleaners). In these applications little is gained by reducing the pressure be- 
low 5% of 1 atm. (or 38 mm. Hg). : Since the vapor pressure of water at room tempera- 
ture is about 20 mm. Hg, the presence of water may frequently be tolerated in such 
applieations. One of the most important applications of moderate-vacuum techniques 
is the evaporation of water from solutions or moist solids at temperatures below 100°C. 
Moderate-vacuum systems are therefore classified as “wet”? or “dry,” depending on the 
presence or absence of water in the liquid phase. Wet systems can be pumped with 

“wet vacuum pumps,” such as piston pumps employing water as lubricant and sealant 
or water jet pumps. Stcam ejectors are also frequently used on wet systems. Dry 
mechanical vacuum pumps do not use water but in general employ some low-vapor- 
pressure liquid for lubrication of moving parts, sealing of valves, cooling, and for re- 
ducing the “harmful space”’ between piston and exhaust valve. 

In the vacuum range from 760 mm, to 1 mm. Hg, pressures are measured by rela- 
tively simple mechanical or liquid’ level gages, such as the Bourdon tube, bellows, or 
diaphragm gages, and the mercury U-tube manometer (see Pressure measurement). 
Leak hunting may be performed without the aid of expensive leak detectors by im- 
mersing the equipment in a water tank or coating suspected areas with a film of soap 
solution and watching for bubbles while raising the internal gas pressure slightly above 
atmospheric. However, halide or. helium type leak detectors cau be used to locate 
both large and small leaks quickly (see p. 517). 

High-Vacuum Techniques. When the pressure falls below 1 mm. Hg into the 
high-vacuum region, significant changes occur in the properties of the residual gas and 
vapors. The ability of air to transmit sound and to conduct heat begins to diminish 
rapidly with decreasing pressure, and high-voltage electric discharges change from an 
are toa glow and finally black out. 

The molecular mean-free-path, or average distance a molecule can travel in a gas 
before colliding with another molecule, varies inversely as the pressure and becomes of 
the order of magnitude of the diameter of ordinary pipe lines when the pressure reaches 
10-mm. Hg. As collisions between gas molecules become less frequent than collisions 
with the walls, the rate of flow of gas through a pipe ceases to depend on the internal 
viscosity of the gas and depends only on the temperature and the geometry of the pipe. 
When the mean-free-path exceeds the dimensions of the apparatus, the gas molecules 
wander in straight paths from wall to wall, evaporating from each surface in a random 
direction, and are removed from the system only by a chance flight from some surface 
directly exposed to the mouth of the pump. This process is referred to as “free mo- 
lecular flow” and requires relatively large-diameter pipes of minimum length to avoid 
throttling the pump, 

At pressures below 10-* mm. Hg, the chemical composition of the residual gas 
changes rapidly as the oxygen and nitrogen content becomes negligible, while water 
vapor, organic vapors, and other sorbed gases begin to evolve from the walls, gaskets, 
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Fig, 1. Applications of vacuum. 
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and process materials in the system, ‘T'o achieve pressures below LO~’ mm. it is nec- 
essary to limit the evolution of these vapors and gases by constructing the system of 
materials that can be outgassed readily by heating to around 400°C, 

The ordinary high-vacuum region may be defined as the pressure range from 1 
mm. to 10-7 mm. Hg, since modern high-vacuum equipment is available for producing 
and measuring pressures in this range on an industrial scale when suitable techniques 
are observed in designing and fabricating the vacuum system (7,9,16). This equip- 
ment includes oil and mercury diffusion pumps, ejector pumps, and special mechanical 
pumps for high-vacuum service which will be described in the following sections. 
High-vacuum gages are relatively complicated electrical or mechanical devices re- 
quiring special operating and calibrating techniques to avoidl large errors in measure- 
ment. Some of the common vacuum gages and the techuiques for leak detection in 
high-vacuum systems will be described (see also Vol. 5, p. 594). 

Several of the priucipal high-vacuum applications are arranged in chart form in 
Figure 1 according to the approximate pressure required in the vacuum system. 
Applications of importance as unit processes in chemical engineering will be described 
briefly. Tora description of the sputtering and evaporation of metals and the evapora- 
tion of metallic salts uuder vacuum to form high-reflectance metallic coatings aud low- 
reflectance salt coatings on glass and other materials, see Silvering. 

Ultrahigh- Vacuum Techniques. Techniques have been developed for producing 
and measuring pressures considerably below 10-7 mm. Hg for such purposes as the 
study of surfaces free of adsorbed gas or the obtaining of very pure gases (1). By 
using systems constructed entirely of metal and glass, which can be baked in an oven 
at, 400-500°C., and by cleaning up residual gases with ionization pumps and absorption 
traps, pressures as low ag 10-!? mm. Hg ean be reached. These techniques may find 
application in the electronics industry, but at present they are of limited application in 
chemical technology. See Vacnuum tubes. 


Measurement of Low Pressures 


See also Blecironics; Pressure measurement; references (3,9,16,33). The range of 
several common types of vacuum gages is illustrated in Figure 2. The width of the 
band is a rough indication of the variation in precision of readings over the useful 
range of a given gage but is not intended to indicate the relative accuracy of different 
pages. The ranges shown are somewhat arbitrary since modifications in design or 
operating conditions can shift the ranges up or down to some extent. 

Liquid-level gages, such as the U-tube manometer and the McLeod gage, measure 
the pressure directly, and their calibration can be determined from the geometry of 
the instrument and the density of the liquid. These gages are constructed of glass and 
are easily broken and cumbersome to use, but they are important as the primary 
standards against which the other types of gages must be calibrated. The other gages 
are more convenient because they are usually provided with dials or scales on which 
the pressure is indicated by a pointer, but in general they do not have the same cali- 
bration factor for all gases and are subject to electrical and mechanical defects, 

The mercury and butyl phthalate manometers usually have the form of a simple 
glass U-tube with means for providing a reference vacuum over the liquid in one arm. 
While n-butyl phthalate is the fluid most commonly employed in oil manometers, 
other nonviscous low-vapor-presstire oils of known specifie gravity may be used. The 
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sousitivily of these manometers can be increased by inclining the measuring arm al a 
small angle with the horizoutal or by measuring the meniscus level with a vernier or 
micrometer head attached to a pointed vertical rod inside one arm. The range de- 
pends on the lengths of the arms, the density of the liquid, aud the reference pressure. 

A typical McLeod gage is shown in Figure 8. Mercury it a reservoir is maved 
by the operator into a glass bulb compressing Lhe gas trapped in the bulb into a closed 
capillary attached to the top of the bulb, The mercury rises simultancously through a 
side arm attached below the bulb into an open capillary located adjacent to the closed 
capillary and of equal bore. The difference in mercury level in the two capillaries is 
multiplied by the volume of the gas trapped in the closed capillary and divided by the 
volume of the elosed capillary and bulb to the cut-off (or side arm junction) te give Lhe 
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Fig. 2. Range of vacuum gages. 


original pressure of gas in the bulh aceording to Boyle’s law. The gage canuot be 
used for gases or vapors that condense at the prevailing pressures and temperatures. 
A solid carbon dioxide or liquid nitrogen trap must be included in the connecting line if 
the mereury vapor from the McLeod gage is to be kept out of the system or if vapors in 
the system are likely to contaminate the McLeod gage. The use of these traps is 
esselitial when calibrating other types of gage against the McLeod gage. 

Mcleod gages can be designed to cover, on one scale, a range of 8 or 4 cycles on the 
log scale of Figure 2 with the lower end of the useful range located at any point from 
5X 107 mm.tolmm. Hg. The doubie-range McLeod gage employs a second bulb 
of smaller volume located near the base of the closed capillary as shown in Figure 3. 
By bringing the mercury meniscus to a zero reference line located between the bulbs, 
the pressure is indicated by the position of the meniscus in the open capillary on a linear 
scale. The second range is obtained by bringing the meniscus in the open capillary to 
a zero reference line at the top of the closed capillary (Figure 3) and noting the posi- 
tiou of the meniscus in the closed capillary on a direct-reading scale. The pressure 
reacing, p, ou this scale, follows the quadratic relation p = kh?/(1 — kA), where kis a 
constant and A is the distance hetween the zero reference line and the scale reading. 
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Tor brief descriptions of the hot-flament ionization thermocouple, Pirani, 
Bourdon, Alphatron, and diaphragm gages see Vol. 11, p. 87 and Vol, 5, p. 594. In 
the operation of the Knudsen or radiometer gage, a suspended vane system is rotated 
by directing gas molecules evaporated from a hot surface agamst one side of the vanc 
while Jess energetic molecules coming from a cool surface impinge ou the opposite side. 
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Vig. 83. McLeod gage. 


The calibration of the Knudsen gage varies slightly with different gases because of dif- 
ferences in the accommodation coefficient and other factors. However, it has a great 
advantage over the McLeod gage in that it indicates the presence of condensable vapors. 
Since the heater temperature may be less than 100°C., the Knudsen gage does not de- 
compose organic vapors like the hot-flament ionization gage. The response to changes 
in pressure can be made rapid but in general is'slower than that of the ionization gage 
or a Pirani gage with very fine filaments. The gage requires careful mounting, and 
vibration must be suppressed by the dampening action of magnets, 

The hot-filament ionization gage can be calibrated for various inert gases but is 
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not reliable with oxygen, hydrogen, carbon dioxide, and other active gases and vapors 
that are decomposed hy chemical action or pyrolysis at the surface of the incandescent, 
filament. The gage responds rapidly to changes in pressure, but the indicated pressure 
change is likely to he quite inaccurate at the lower pressures because of the liberation 
of miscellaneous molecules from the walls of the plate Gon collector) as the positive 
ions are embedded in the walls at amazingly high speeds, The error may be positive 
or negative, depending on the relative rates of “getter action,” or “clean-up” of the 
positive ions, and the outgassing of the walls and electrodes. Large errors are often 
introduced when the connecting pipe between the system and the gage head is long and 
narrow so that the flux of molecules into the gage tube is not large compared with the 
clean-up of molecules or fragments of decomposed molecules by the filament and ion 
collector. Techniques for measuring the currents in ion gage tubes are explainect in 
the operating instructions supplied with the various electrical control circuits available 
from vacuum equipment manufacturers. 

The principle of the Philips gage, also called the cold-cathode ionization gage or 
Penning gage, is the measurement of the current transmitted through a glow discharge 
in the gas between a wire loop anode and two disk-shaped cathodes located above and 
below the plane of the anode at potentials of about 2,000 volts in the presence of a mag- 
netic field. The direction of the magnetic field is parallel to the axis of the loop so 
that the electrons travel in long spiral paths as they move toward the anode. This 
action increases the possibility of collision with the gas molecules present, produces 
greater sensitivity, and sustains the glow discharge at lower pressures where the elec- 
tron mean-free-path greatly exceeds the distance between electrodes. The Philips gage 
has two advantages over the hot-fillament ionization gage. Since the cathode is cold, 
there is nothing to burn out when the tube is accidentally exposed to high pressures. 
Also, the Philips gage can be used to cover the important range from 10-* mm. to 107? 
mm., whereas the ion gage cannot be used above 2 * 10-?mm, However, the Philips 
gage is not as reliable as the ordinary ion gage because the parts of the tube are more 
difficult to outgas and the ‘clean-up’ effect is intensified by the high voltages. The 
gage should not be exposed to mercury vapor. 

The Alphatron gage uses the a-particles from a radioactive source to ionize the gas. 
Tt has the widest range of any of the electrically operated gages, recent designs operat- 
ing from 1000 mm, Hg to less than 10-*mm. Hg. It has no filament to burn out and 
does not suffer from the clean-up effects present in other types of ion gages. 

The quartz fiber or membrane viscosity gages and all-glass gages of the Bourdon 
type are available for accurate measurements on extremely corrosive gases such as 
chlorine, but they are too fragile and tedious to operate for ordinary industrial use. 
Descriptions of these gages are given in references (1a,9). 

The Pirani and the thermocouple gages may be calibrated for practically any 
gas or vapor that might be present within a vacuum system. The hot filament 
usually consists of a metal that is not easily attacked by most gases at the temperature 
employed. Itis not safe to operate a Pirani or thermocouple filament at temperatures 
above 250°C. if organic vapors from the common greases, oils, and gasket materials are 
exposed in the system. Decomposition of these vapors on the filament usually leaves a, 
dark deposit which seriously alters the sensitivity and the zero balance of a Pirani by 
increasing the emissivity of the surface. Pirani.and thermocouple gages are excellent 
for indicating changes in pressure and the approximate value of the true pressure be- 
tween 10 and 200». However, they are not to be trusted in the 0-10 » range or above 
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200 g unless calibrated by an experienced operator ou a vapor-free system a few hours 
before using. 


Production of Low Pressures 


The pressure of gas in a system at a given temperature may be lowered by allow- 
ing the gas to escape into a vacuum pump or by exposing a surface that retains im- 
pinging gas molecules by sorption or chemical forces. In very rare cases it has been 
found expedient. to accelerate the movement of the gas toward the pump or trapping 
surface by ionizing the molecules and applying an electric field. Pumps employing 
ionization or sorption may be attached to the system. 

The pressure within a closed system of fixed volume containing a large percentage 
of condensable vapor can be greatly reduced by cooling the walls to a temperature at. 
which the vapor pressure is negligible. This principle is employed in the steam tur- 
bine in conjunction with pumps to remove the residual air. In all pumping systems 
some cooling of the walls is necessary to remove the heat of compression and the heat: 
of condensation of any vapors to be condensed in the pump. In some systems, re- 
frigerated traps are used to condense vapors before reaching pumps whose eficiency 
might be impaired by condensation of the vapor within the pump. 

The compression ratio is defined as the ratio of exhaust pressure to intake pressure 
at a given load when pumping a gas or a vapor that is not condensed by the pump. 
This ratio is a variable quantity which depends in general on the ratio of the pumping 
speed to the specd of the forepump or next stage of compression. 

The pump speed is defined as the volume of gas that flows into the pump im unit 
time at a constant pressure measured near the intake port. In high-vacuum tech- 
nology speed is frequently expressed in liters per second or in cubic feet per minute. 
(One liter per second equals 2.12 ¢.f£.m.) 

Some high-vacuum pumps eject pump fluid vapor back into the system even while 
pumping gas, and all pumps have a minimum pressure which they can produce under 
standard test conditions known as the ullimate pressure or ultimate vacuum. Since 
this ultimate pressure is dependent on the balance between rate of flow of material in 
and out of the pump across the intake port, the above definition of pump speed re- 
quires clarification when the pressure decreases to a value near the ultimate pressure. 

Throughput is defined as the quantity of gas in pressure-volimme units per unit time 
flowing through the pump at a given intake pressure. The speed of exhaust is defined 
as the throughput of gas divided by the total pressure of gas and vapor measured near 
the intake port (8). Throughput is commonly expressed in micron-liters per second 
or micron-cubie fect per minute. The terms load and capacily are sometimes used to 
refer to the quantity of gas in mass units per unit time flowing through the pump at a 
given jutake pressure. A load of one pound per hour of air at 25°C. corresponds to a 
throughput of 80,500 micron-liters per second, 

The speed of exhaust, 1’, approaches zero as the pressure, ?, approaches the ulti- 
mate pressure, Pp, according to the formula: 


E = SC. — P,/P) (1) 


where 5 is the pump speed as defined above. The value of the ultimate pressure, Py, 
is frequently limited to the vapor pressure of the pump fluid. The rate of decrease 
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in pressure in a chamber of vohime T’ direcily connected to a pump will be given hy: 
dP/dt = —BP/V (2) 
where /f is the speed of exhaust at the pressure ?, Lf the pump speed S in equation (1) 


is nearly constant over the pressure range /; fo os, then substituting (1) in (2) and 
integrating gives a formula for the time of evacuation from P; to Pe: 





2. ~ |} 
ty - = oO login oo (3) 


The vapors evolved from vacuum systems can sometimes be passed through 
pumping stages of limited compression ratio without coudensing, but in mechanical 
or multistage pumps of high compression ratio the vapor may be condensed. If the 
condensed vapor is the same as the working fluid in the pump, such as water vapor 
condensed in wet vacuum pumps, no hurm is done, provided the fluid level is main- 
tained at the optimum working value. If the condensed vapor can be separated from 
the working fluid by centrifuging, evaporation, or settling, suitable separating means 
can be added to the pump. If separation cannot be satisfactorily accomplished during 
operation of the pump, the vapor may be condensed in cold traps or liquid absorption 
columns before reaching the pump. In certain types of rotary pumps the Gaede 
gas-hallast principle (27) may be employed to avoid condensation by admitting air 
during the compression cycle. 

The production of low pressures by adsorption, absorption, chemical reaetions, or 
electrical clean-up is, in general, limited to high-vacuum and ultra-high-vacuum ap- 
plications, such as the use of a barium “getter” in the production of raclio receiving 
tubes. When no sorption or gettering is used, the lowest pressure attainable with a 
given pumping system and the rate of rise of pressure in sealed-off vacuum systems 
depends on the rate of evolution of gases and vapors within the system and the rate 
of tnleakage from the atmosphere. 

At pressures below 1 mm, Hg the rate of leakage through the walls of a system is 
substantially independent of the internal pressure. The partial pressure of air in the 
system due to leaks will then be inversely proportional to the pumping speed. The 
partial pressure of gas and vapor evolved from materials exposed in the vacuum system 
will depend on the areas exposed, the nature and previous treatment of the material, 
and the pumping speed. Because the diameter of the pipe between pump and system 
is often limited by practical considerations, more can sometimes be accomplished in 
attaining low limiting pressures by the proper selection of the materials to be exposed 
in the system than by increasing the pumping speed. Data on the relative outgassing 
rates of different materials have been published (6,23,47), but differences in measuring 
techniques make it difficult to compare values given by different authors. 

Good vacuum technique consists largely in the use of materials of sufficiently low 
outgassing rate; the proper selection and matching of pumps, system, and pipe lmes; 
and the design of flanges, gaskets, couplings, and welds so that leakage is reduced toa 
minimum and leak hunting is facilitated. However, even well-designed systems some- 
times fail to reach the required low pressure, and certain vacuum techniques must be 
followed to diagnose and correct the trouble. These techniques involve the use of 
measuring and control instruments such as vacuum gages, leak detectors, thermometers, 
liquid-level indicators, valves, and heater power controls. A skilled technician can 
also tell rauch about the operation of pumps by listening to the sounds emitted and 
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feeling the temperatire of the walls at certain points or noting the appearance of the 
pump fluid in pumps with glass walls or windows. 


VACUUM PUMVUS 

The first practical vacuum pumps were developed by Otto von Guericke and 
Robert Boyle during the years 1640-1670. These pumps employed a moving piston 
fitting tightly in a cylindrical casing and having check valves that permitted the gas to 
flow only in the desired direction. Thesc pumps were greatly improved by Fleuss 
(1890) who provided a quantity of oil in the exhaust end of the pump cylinder to re- 
duce the “harmful space” at the end of the piston stroke so that less gas remained un- 
expelled through the exhaust valve. Various pumps employing liqnid mercury as a 
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Fig. 4. Speed curves for typical pumps. OQD—oil diffusion pump, three-stage fractionating 
type. Oli—oil ejector pump, single-stage. S1, 2, 3, 4—~—steam ejector pumps, mutching stages. 
RP—totary piston oil-senled mechanical pump, single-stage. 


moving piston or a check valve were developed by Geissler (1855), Toepler (1862), 
Sprengel (1865), Kaufmann (1905), Gaede (1905), and others. Gaede developed the 
oil-sealed rotary piston mechanical pump in 1906. Finally, vapor jet pumps employ- 
ing high-velocity streams of vapor discharged from nozzles into ducts of such cross 
section that the gas cannot readily flow countercurrent to the stream were developed. 
Steam ejector pumps were invented by Parsons (1902) and Leblanc (1908). Mereury 
vapor diffusion pumps were invented by Gaede (1915), Langmuir (1916), and Crawford 
(1917). Oil vapor diffusion pumps were invented by Bureh (1928), Ilickman (1929), 
and others. The oil ejector pump was developed by Hickman and Kuipers in 1941. 
Modern vacuum pumps are of seven general types: (JZ) reciprocating piston 
pumps, (2) rotary piston pumps, (3) centrifugal pumps, (4) liquid jet pumps, (4) 
rotary blower pumps (turbine wheel and two- or three-lobe gear pumps), (6) molec- 
ular drag pumps, and (7) vapor jet pumps (ejector and diffusion pumps). Some 
vacuum pumps, such as types (/) through (5) can be designed to discharge gases 
directly into the atmosphere, while others require a backing pump or forepump to 
maintain a suitably low forepressure on the discharge side. Mechanical piston pumps 
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ean be built with high compression ratios and made to operate over a wide pressure 
range. Single-stage vapor jet, molecular drag, centrifugal, and rotary blower pumps 
have a relatively low compression ratio at full load and require backing pumps to 
produce pressures in the high-vacuum region. Pumping stages of limited compression 
ratio are frequently combined in series within a common pump housing to give a mulit- 
stage pump of broad operating range. The compression ratio for single-stage ejector 
pumps is about 10, and the compression ratio for individual stages of multistage dif- 
fusion pumps is about 4 at maximum throughput. The oil cjector and the diffusion 
pump cannot discharge gases directly into the atmosphere but always require a backing 
pump to produce the necessary forepressure. 

The types and average operating range of some commercially available pumps are 
listed in Table I. The upper and lower limits of the operating range of each type of 
pump dependl on the individual pump design, working fluid, and operating conditions. 
The values in Table I are, therefore, somewhat arbitrary. Actual performance 
curves for typical pumps are shown in Figure 4. 

‘Vapor jet pumps have a ifmiting forepressure above which the pumping action is 
impaired by the gas in the forevacuum pushing the vapor jet away from the wall of the 





Type of putap Operating Tange, wun, 





Reeiproeating piston: 


Single-stage 760-10 

Two-stage 760-1 
Rotary piston — oil-sealed: 

Single-stage 760-10 ~? 

Two-stage 760-1078 
Centrifugal multistage (dry) 760-200 
Liquid jet: 

Mercury Sprengel 7TU0-10 “8 

Water aspirator (18°C.) 760-15 
Two-lobe rotary blower 20-1074 
Molecular drag 107! to 1078 


Vapor jet pumps: 
Steam ejector: 


1-stage 760-100 

2-stage 760-10 

3-stage 760-1 

4-stuge 760 to 38 & 107! 

5-stuge 760 to 5 & 107? 
Oil ejector: 

1-stage 2-107? 

2-stage 10-1077 
Mercury diffusion with trap: 

1-stage 10-§ to <1076 

2-stage 1 to <1075 

3-stage 10 to <1075 
Nonfractionating oil diffusion: 

l-stage ; 107! to 5 * 1078 

2- and 3-stage 5 K 107 to 5 X& 1074 
Fractionating oil diffusion: 

Without trap, 3-stage 3 X 107 to 107 


With liquid nitrogen trap, 3-stage ; 8 X 107 to 10-n 
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pump casing so that gas can leak back into the high vacuum. Tor diffusion pumps 
this limiting forepressure is approximately one-half of the /ake-hold pressure below 
which pumping action begins. The upper limit of the ranges shown in Table T for 
vapor jet: pumps represents the take-hold pressure for the last stage of compression. 
The lower limit represents the wimate pressure obtainable with typical pump fluids as 
measured on an witrapped gage of the type that reads total pressure of gas and vapors. 
When no traps are used, the ultimate pressure of oil and mercury diffusion pumps can 
never be lower than the vapor pressure at room temperature of the pump fluid that 
condenses ou the walls near the intake port. 

For the principles of construction and operation of mechanical pumps of the 
reciprocating piston, the rotary piston, the rotary blower, and the centrifugal types, 
see Fluid mechanics (transportation); Pressure 
lechnique (compressors and pumps). The moleen- 
lay drag pump consists of a disk (Siegbahn type) 
or a cylinder (Holweck type) rotating at several! 
thousand r.p.m. in 4 close-fitting housing con- 
taining a spiral groove in which the gas molecules 
are caused to flow toward a suitable forepump by 
the forward momentum received each time they 
collide with the rotating member. Improved 
molecular pumps of the Siezbahn or Holweck 
type are used In Europe but are rarely nsec in 
the U.S. 

For a deseription of stcam jet pumps, or 
sleam. ejectors (11,25,35,48a), see Vol. 5, p. 938. 
Water jet pumps, or water aspirators, are com- 
monly employed in the chemical laboratory but 
are seldom used on an industrial seale because of 
the large flow of water required (about one cubic 
foot of water for each cubic foot of gas pumped). 
Hydrosteam pumps are available in which the 
condensing water for one or more stages of steam 

Fig. 5. Oil diffusion pump. ejector is recirculated through a water jet pump 

acting as forepump. Liquid mercury jet pumps 

of the Sprengel type are rarely used today except for handling small quantities of 

gases which would react with organic liquids or water and which must be pumped 

from a vacuum system into storage tanks or reaction vessels at pressures above 10 mm. 

Hg. Automatic Toepler pumps may also be used for this purpose. Vapor jet pumps 
employing oil or mercury vapor are described in the following sections. 

Operation of Diffusion Pumps. A typical oil diffusion pump constructed of 
metal is shown in Figure 5. (The dashed lines show the modification necessary to 
convert to a fractionating type of pump.) ‘The liquid in the bottom of the pump (or 
the boiler) is heated to temperatures in the range 150-220°C, causing vapor to evapo- 
rate from the upper surface (bubbles do not form as in ordinary boiling) at a rate suffi- 
cient to create boiler pressures in the range 0,3-1.0mm. Hg. The vapor passes upward 
inside the “chimney” and is accelerated to supersonic velocities as it expands through 
the nozzles. The nozzles direct the vapor downward, but. the vapor diverges outward 
toward the cooled pump casing as shown by the arrows. Also, some vapor is scattered 
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back toward the intake port. Gas molecules from the system can diffuse downward 
through this “backstreamiug’? vapor and penetrate into the denser forward-moving: 
core of the vapor jet. Here they are driven at an acute angle toward the wall and 
on inte the forevacuum. Because of the density and velocity of this forward moving; 
stream, it is almost impossible for gas molecules from the forevacuum to diffuse up- 
stream through the vapor jet aud escape into the high-vacuum system, 

There is always a small quantity of backstreaming vapor which is scattered from 
the top jet through the mouth of the pump. This vapor condenses on baffles placed 
above the pump and then migrates slowly by reevaporation into the vacuum system. 
The ultimate pressure which the pump cai produce is limited by the pressure of this 

rapor in the system. Tickman (19) discovered that this vapor pressure could be re- 
duced to a minimum without using cold traps by introducing fractionation of the oil 
during operation of the pymp. The basic principle of fractionating pumps involves 
circulating the condeused pump fluid in the proper sequence through a series of boilers, 
or boiler compartments, feeding vapor to the separate nozzles in a multistage pump. 
Thus, in Figure 5, by providing cylindrical conduits between the boiler and the nozzles 
as shown by the dashed lines, the boiler is divided into a series of compartments. The 
condensed oil vapor returns down the inside wall of the casing and, in fractionating 
models of the type shown, flows first into the outer boiler compartment. Here the 
dissolved guses nud more volatile impurities evaporate faster than the heavier fractions 
and pass out the lower nozzle, where they can do no harm because the upper jets act. 
as one-way valves to prevent migration of molecules backward into the vacuum system. 
The fluid is forced to circulate through the outer compartment and enter through a 
small hole at the bottom of the inside cylinder into the next compartment which feeds 
vapor to the middle jet. Here further purging of volatile impurities occurs and the 
heavier fractions are concentrated in the fluid which passes on to the compartment feed- 
ing the top jet. After this circulation process has continued for a few hours, the ex- 
tremely volatile impurities will have been ejected into the exhaust pipe, or forevacuum 
arm, where an alembic or trap prevents the return of liquid impurities to the boiler, 
and the highest-boiling fractions will be concentrated toward the center compartments. 
Since the vapor scattered from the top jet, nto the vacuum system will have originated 
from 4 boiler compartment containing the better fractions, the partial pressure of vapor 
in the system will be considerably lower than that which would prevail if the fractionat- 
ing compartments were omitted (19). 

Metal diffusion pumps are now available commercially in sizes ranging from a 
‘asing diameter of 1 in. and a speed of a few liters per second to a easing diameter of 
48 in. with a speed of about 40,000 liters per second. Air cooling can be used on the 
smaller pumps, but water cooling is to be preferred. Organic or silicone oils are pre- 
ferred as pump fluids because in fractionating pumps they can produce ultimate pres- 
sures as low as 10-7 mm. Hg without cold traps, whereas mercury diffusion pumps al- 
ways require a liquid nitrogen trap to produce pressures below 10-'mm. Hg. Mercury 
vapor is toxic, and mercury vapor pumps are not recommended for vacuum systems in 
which foods or drugs are processed. Among the commonly used organic pump fluids 
are di(2-ethylhexyl)phthalate, petroleum fractions of average molecular weight be- 
tween 300 and 400, and the chlorinated biphenyls (32). The organic diffusion-pump 
fluids will be decomposed when exposed to air pressures above a few mm. Hg without 
turning off the pump heaters. The boiler should therefore be allowed to cool to a safe 
temperature as recommended by the manufacturer before exposing to atmospheric 
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pressure, or the pump should be kept under vacuum by using valves and a by-pass sys- 
tem when admitting air to the process vessel. 

Operation of Oi] Ejector Pumps. A typical vil ejector pump is shown in Figure 
G. The vapor leaves the boiler (A) through the pipe (8). (C) is the gas intake. The 
rapor is expanded through the nozzle (D) into the water-cooled diffuser 2). The gas 
is cleaned by the baffle (F), then removed by the forepump at (). The pump fluid 
condenses and returns to the boiler through (4). (@) shows the working head. (J) 
shows the heavy laggiug on the boiler and vapor pipe. The principle of operation of 
vil ejector pumps is somewhat similar to that of steam ejectors but differs in that, some 
water cooling is required on the converging region of the diffuser to condense that part 
of the vapor stream that reaches the walls when the gas load is below the maximum 
value. The pumping action differs from that of a diffusion pump mainly because the 
gas pressure at, the intake is high enough to prevent free expansion of the vapor jet, 
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Fig. 6. Oil ejector pump (9). 


and a relatively sharp boundary is formed between gas and vapor. The gas is en- 
trained in the boundary layers of the vapor jet and is carried forward through the throat 
of the diffuser. Boiler pressures between 10 and 50 mm. Hg are normally used. 

Oil ejectors are available in all sizes up to pumps with a 24-in. diameter intake hav- 
ing a speed of 5000 liters per second (13). They are widely used in chemical and metal- 
lurgical vacuum applications in the range from 10-? to 1.0 mm. Hg. 

Baffles and Traps. It is frequently difficult to reduce the partial pressure of 
vapors by pumping alone to values at whith contamination of the system, or the 
product being processed, is negligible. In this case, some type of cooled baffle or trap 
must be installed. In all cases it is desirable to place a water-cooled or Freon-cooled 
baffle above the intake port of the diffusion pump in order to condense the backstream- 
ing pump-fluid vapor and to return the fluid to the pump (88). If this is not done, the 
surfaces of the system directly exposed to the pump may become coated with a film of 
pump fluid, and the pump boiler may eventually be emptied by loss of fluid to the sys- 
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tem. The baffle must be optically tight so that no vapor molecule can pass through 
by molecular flow without striking a cooled surface, but the passages through the baffle 
must be wide and short so that the resistance to gas flow is not too large. 

Leak Detection. It has been pointed out that the partial pressure of air in a sys- 
tem due to inleakage of atmospheric air will be inversely proportional to the net 
pumping speed when the total air pressure is below a few millimeters of mercury (sec 
p. 511). In some applications it is not necessary to eliminate all of the small leaks in 
the system because suitable working pressures can be produced by employing high- 
speed pumps. However, in most applications there will be occasions when leaks occur 
which are too large to be tolerated. If the system is properly designed, the leak can 
be readily located by using one of the following techniques (9,16): (1) helium probe 
with a mass spectrometer focused for helium; (2) Pirani, thermocouple, or various 
types of ionization gages to detect inleakage of the probe gas such as acetone acl hy- 
drogen; (3) palladium barrier ionization gage with hydrogen as probe gas; (4) filling 
system with compressed air and coating with soap solution; (6) copper-plate halide 
flame indicator with Freon as probe gas; (6) hot platinum-ceramiec couple as halide- 
sensitive, positive-ion emitter with halogen compound as probe gas; (7) differential 
Pirani or ionization gage using cold trap and condensable probe gas (4); (8) rate of 
rise of pressure in sections isolated by valves, plugs, cover plates, etc.; (9) high- 
voltage spark coil (Tesla coil) for glass systems; (70) ultraviolet absorption cell and 
organic probe gas (44). 

There are a number of other methods which involve subjecting the inside of the 
system to liquids or chemically active gases. These latter methods are not recom- 
mended because the system becomes contaminated and must be thoroughly cleaned 
before a high vacuum can be produced. For a brief description of various electrical 
devices for leak detection see Vol. 5, p. 595. 

The mass spectrometer type of leak detector, which employs helium for the probe 
gas, is the most sensitive and accurate instrument. A complete unit with all acces- 
sories costs about $5000.00, and specially trained personnel are required for operation 
and maintenance, yet the time saved in finding leaks and avoiding shutdowns often 
justifies the use of this type of leak detector in industrial applications of large and com- 
plicated vacuum equipment. 

Techniques for using the mass spectrometer leak detector on various types of 
vessels were developed during World War II and are fully described in various Man- 
hattan Project reports (16,26). To use this method to best advantage, the process 
equipment should be designed with special double-gasketed flange joints for circulating 
helium as shown in Figure 10(6) and (c), or the flanges should have a raised face so that 
the gaskets are easily accessible to a helium probe, and sufficient test connections should 
be provided at strategic locations for attaching the intake line to the leak detector. 
The location of these latter connections should be so chosen that the ratio of the system 
volume to the pumping speed is not more than 10 seconds. After preliminary evacua- 
tion of the system with large pumps, the residual gases can be pumped directly into the 
leak detector using the small pumps within the latter. Or, the gases can be passed into 
an auxiliary pumping system consisting of a vapor jet pump and a mechanical pump 
with the leak detector connected to the “backing space” between the vapor pump and 
the mechanical pump. Helium from a standard cylinder with reducing valve is 
applied to the outside of the system under test. by means of a long narrow metal tube 
with a fine orifice which directs a jet of helium at the points suspected of leaking. The 
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jet may be moved along a weld or flange at the rate of about one inch per second. 
When the helium enters a leak, a surge will be observed in the reading of the output 
meter or a sound of increasing pitch and intensity will be heard on units equipped with 
an audioindicator. 

The over-all tightness of a system can be measured by the “hood method,” This 
consists in surrounding the equipment with a hood of rubber or plastic, or a gas-tight 
box, in which a fixed concentration of helium is maintained, and comparing the output 
meter deflection with that obtained when the helium mixture is allowed also to flow 
through a calibrated leak installed under the hood. The smallest leak rate that can 
be detected with the helium leak deteetor is about 10~” ml./sec. of air at 8.T.P. 
Large leaks require auxiliary pumping systems to lower the pressure to 0.1 mm. or less, 
and the throttle valve on the leak detector is adjusted to maintain pressures of 1074 
mm, Hg or less in the mass spectrometer tube, Sampling probes are also available 
which draw helium mixed with air at atmospheric pressure into the leak detector when 
placed near a leak in a system filled with helium at 10-20 p.s.i. gage pressure. 

When minute traces of certain organic vapors, especially those containing a halo- 
vel, come it contact with a hot platinum anode that has been sensitized by a source of 
alkali ions, the ability of the platinum to emit positive ions is greatly increased. 
There are two methods of using this phenomenon for leak detection. The system 
under test may be filled with gas containing a halogen compound, such as I'reon, at. 
pressures above atmospheric and the gas escaping through a leak can be drawn into the 
detector by a small motor-driven fan (46). The sensitive platinum element can also 
be placed in a glass or metal envelope with a tubulation connected to the system, and 
the system evacuated while Freon is played over the suspected areas on the outside of 
the system. Freon entering through a leak will diffuse into the detector head. In 
this latter method the voltages must be limited so that glow discharges are avoided. 
It is claimed that the sensitivity of these halide leak detectors is nearly equivalent tu 
that of the helium leak detector. However, these halide leak detectors are not as 
satisfactory as the helium type for quantitative measurements of leak rate. 

Auother type of halide leak detector, which is less expensive but also less sensitive, 
consists of an acetylene burner or a gas bunsen burner with the flame striking against a 
copper plate. The air mtake to the bumer is encased in a housing to which a long 
rubber hose is attached. The end of the hose is moved along the joint suspected of 
leaking. When the system is filled with Freon under pressure, the Freon gas that cs- 
capes through a leak and is drawn into the burner reacts with the hot copper plate. 
Traces of Freon cause a greenish color to appear in the fame while large quantities of 
Freon impart a violet, color to the flame. 

Tn using Freon as the probe gas it must be remembered that Freon-12 is about four 
times as heavy as air. Therefore, probing should be started at the bottom of the sys- 
tem and continued upward. In some cases it is convenient to fill the system with 
pure Freon and then recover the Freon by pumping it back into the storage tank. 


Design of Vacuum Systems 


The design of vacuum pipelines requires a knowledge of the laws governing the 

How of gases in the four regions distinguished by the names turbulent flow, viscous 
flow, transition flow (between viseous and molecular How), and molecular flow. 

- Poiseuille’s law holds for the viscous flow of gases through cylindrical pipes (see Fluid 


VACUUM TECHNIQUE 519 


mechanics). Turbulent flow is seldom cucountered in actual vacuum practice ex- 
cept for short periods during which the mean pressure in the pipe is only slightly lower 
than atmospheric. If the pipeline is designed to be adequate in the viseous flow 
range, it will be found adequate in the turbulent range. The flow of air at room tem- 
perature becomes turbulent when the throughput exceeds 2 * 10° D micron-liters per 
second, where D is the pipe diameter in centimeters. The laws of flow in the transition 
and molecular flow regions were developed by Knudsen, Smoluchowski, and Clausiug 


(9). 


RATE OF FLOW IN LITERS PER SECOND OF AIR 
AT 25°C THROUGH HIGH-VACUUM PIPE LINE 
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DIAMETER OF PIPE IN CENTIMETERS 
Fig. 7. Molecular conductance chart. 


The Net Speed Formula. For a well-designed pipcline it is accepted practice 
that the net pumping speed S shall not be much less than 80% of the speed Sy available 
at the mouth of the pump or at the entrance to the baffle (wheu the latter is not ineor- 
porated in the pump). The reduction in pumping speed depends on the resistance, 
or impedance, W of the pipeline. The formula for computing the net pumping specd, 
S, is: 

1 1 . ; 
where § and So are usually expressed in liters por second and W in terms of seconds per 
liter, It is sometimes more convenient to use the reciprocal of the impedance, which 
is known as Lhe conductance and is represented by U = 1/17. Then: 


S= SU/S+ UV) (3) 
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Equations (4) and (5) are valid only when Sp and U (or TV) are suitably defined and 
measured (8). 

Conductance of Circular Pipes. The conductance U is frequently expressed in 
liters per second, although to be strictly correct it should be considered as micron- 
liters per second per micron pressure difference across the ends of the tube. Con- 
ductance problems are conveniently divided into two classes, the molecular flow type, 
for which the product of the mean pressure P (one-half the sum of the entrance and 
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Fig. 8. Relative conductance factor chart. 


exit pressures) in microns of air at room temperature and the radius R of the tube in 
centimeters is ten or less, and the Knudsen-Poiseuille flow type, for which the PR 
product is greater than ten. 

Figure 7 gives the “molecular conductance” U5 of air at 25°C. through a circular 
pipe of diameter D centimeters and length 7, centimeters located between two large 
chambers in which the pressure is P; and Ps, respectively. The mean pressure will be 
given by: 


P= (P+ P2)/2 (6) 
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and the product PR should be computed (in micron-centimeters) to determine whether 
the flow is molecular or not. Figure 8 gives the relative conduetance factor 7/ Uo, or 
ratio of true conductance to molecular conductance, for air at 25°C. as a function of 
the PR product in microu centimeters according to Knudsen’s formula (29). To ob- 
tain the true conductance U/, the molecular conductance Up as given by Figure 7 is 
multiplied by the relative conductance factor U/U» as given by Figure 8 To find 
this factor locate the PR product on the horizontal axis. If the product is between 
0.1 and 100, the value will be located at the bottom of the chart and curve 4 will be 
used. If the product is between 100 and 100,000, the top scale and curve B are used. 
For example, a PR product of 1,000 corresponds to a factor of 30. The conductance 
U thus obtained represents the rate of fow in micron-liters per second per micron pres- 
sure drop at the given mean pressure, although as previously noted the dimensions 
may also be interpreted as liters per second. To find the actual quantity Q of gas 
flowing through the tube in micron-liters per second, multiply this value of U by the 
difference in pressure at the two ends of the tube, thus: 


Q= U(Pi — Pe} (7) 


‘Figure 8 cannot be usec when the flow becomes turbulent. The transition to turbulent 
flow occurs when the throughput exceeds 4 * 10° R micron-liters per second, and for 
most systems this is likely to occur in the region on Figure 8 where curve £ is repre- 
sented by a broken line. 

The molecular flow of air at room temperature through long cylindrical tubes 
may also be estimated from the approximate formula: 


Uy = R8/L (8) 


where Uy will be given in liters per second when the radius R and length L are expressed 
in millimeters. If the pressure is too high for molecular flow, then Uy is computed from 
R*‘/L or read from Figure 7 and the result is multiplied by the relative conductance 
factor as given by Figure 8, 

If the pipeline is constructed of a series of long tubes of different diameters, the 
total molecular conductance Uo in liters per seeond for air at room temperature can be 
computed from the formula 

] Ty I Ly 

ty pet pit pet (9) 
where [iy is the length in mm. and Ft, is the radius in mm. of the first section, ete. If 
the length of any section is less than ten times the diameter and the diameter changes 
abruptly at the entrance to this section, then a correction term for the entrance or 
aperture impedance of this section should be included. To correct for the entrance 
impedance of any section of pipe of cross-sectional area A, square centimeters the term 
(Am — AL)/11.7 Ann 18 added to the right side of equation (9), where A,, is the cross- 
sectional area in scare centimeters of the chamber frora which the air enters the sec- 
tion in question. 

For the flow of gases other than air, the molecular conductance, Uo, as given by 
Figure 7 should be multiplied by (28.98/31), where Af is the molecular weight of the 
gas. For temperatures other than 25°C. the value of Up as given by Figure 7 should 
be multiplied by (7'/298.18)4, where T is the absolute temperature. Figure 8 for the 
relative conductance can be corrected for different gases and temperatures by multi- 
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plying the PR product by the factor (1.88  10-/n;) (208/297) 4 where n; is the 
viseosity of the gas in poises, and locating this result on the horizontal axis instead of 
the original value of PR. 

The following method of changing the seale units permits Figure 7 to be used for 
tubes whose diameters are so small or so large that the point corresponding to the de- 
sired length does not fall on the chart. Multiply both the given length and diameter 
by 10, or some positive or negative power of ten, so that the point falls on the chart. 
Then the conductance read at the top of the chart must be divided by 100, or by the 
square of the power of ten chosen, to obtain the correct answer. For example, the 
conductance of a tube of 0.3 em. 1.D. and 10 cm. length is obtained by following the 
curve for a diameter of 3 em. to the intersection with the line for a length of 100 em. 
and reading 3 liters per second from the seale at the top. The correct. answer is then 
3/100 or 0.03 liter per second, 

The resistance of a bend or elbow in the pipeline can usually be neglected for 
molecular flow, provided the length Z is measured along the center line and the bend 
is not within two diameters of the end of the tube or another bend. For sharp bends 
lovated near the end of the tube or within two diameters of another beud, the effective 
length of the bend ean be considered as it axial length plus one diameter. Formulas 
for the conductanee of duets of noncireular cross section will be found in references 
(5,9,16). 


Assembly of Systems 


The essential components of a typical large high-vacuum system employing vapor 
pumps are shown in Figure 9, The diffusion pump (a) must be located close to the 








Fig. 9. Typical high-vacuum system. 


vessel (b) and should always have a water-cooled or Freon-cooled baffle (¢) located over 
the pump mouth so that: backstreaming vapor will be condensed and returned as liquid 
tothe pump. The high-vacuum valve (d@) and manifold connecting the vessel and: the 
baffled pump should be of diameter equal to or larger than the mouth of the pump, and 


VACUUM TECHNIQUE 523 


the length of the passage between the baffle and the vessel should preferably be not 
inore than about three times the mean diameter of this passage. A space at least 
6 in. high should be allowed below the cliffusion pump boiler (¢) for casy servicing of 
the heaters, draining the pump fluid, or removal of the pump from the system. 

Selection of Pumps. The type of diffusion pump and pump fluid selected depends 
ou the lowest pressure that must be attained (see Table J). The size of the pump 
depends on the gas load dnring the process cyele and must be determined fram per- 
formance curves similar to Figure 4 as supplied in the manufacturers’ catalogs. Asa 
general rule the net pumping speed m liters per second at the entrance to the vessel 
should be of the same order of magnitude as the volume of the vessel in liters. (To 
convert volume in cubic feet to liters multiply by 28.3, or roughly by 30.) For most. 
metal systems, a water-cooled, three-stage, diffusion pump will be employed, and the 
cooling water should circulate through the coils from the high-vacuum toward the fore- 

acuum side at a rate in cubic centimeters per minute equal to the beater input in 
watts. The maximum throughput of such pumps in micron-liters per second is ap- 
proximately equal to twice the heater input in watts. Automatic safety controls are 
available to protect against failure of the cooling water. Efficient cooling is particu- 
larly important for mercury vapor pumps. Air cooling is possible with oil vapor pumps 
but is not recommended except on portable systems. 

Since diffusion pumps will ouly operate against a forepressure (pressure on the 
exhaust side) of about 0.5 mm. Hg or less, the pressure range from atmospheric to the 
limiting forepressure for the diffusion pump must be covered by a suitable “forepump”’ 
or “roughing pump.” The oil-sealed rotary mechanical pump is the type most com- 
monly used, but steam ejectors may be more efficient in some applications where high- 
pressure steam is available. The pressure range from 1 mm. to 10 » may be covered 
by either an oil vapor ejector (f), or a mechanical pump. Ifa mechanical pump is in 
use and it is found that too much time is being spent in this pressure range because of 
evolution of gas from the system, then an oil vapor ejector should be installed. 

The size of the mechanical pump (q) required depends primarily on the time allow- 
able for covering the range from atmospheric pressure to a pressure of 0.5 mm. at 
which the typical diffusion pump begins to operate. This time can he estimated from 
the approximate formula: 


= 7V/8, (10) 


where V is the total volume of the system and S; is the average speed of the forepump 
(assumed constant over the whole pressure range). When F is given in cubic feet and 
S,in ef.m., then ¢ will be given in minutes. When V is expressed in liters and S; 
in 1./sec., £is obtained in seconds, Thus, to pump a chamber of 10 cu. ft. from 760 to 
0.5 mm. Hg in 7 minutes requires at least a 10-¢c.f.m. forepump. Since most mechani- 
cal pumps have an average speed about equal to 34 of the rated speed or displacement 
at atmospheric pressure, a 14-c.f.m. mechanical pump would be recommended in this 
‘ase. Formulas and graphs for estimating pump-down time will also be found in the 
manufacturers’ catalogs for the various mechanical pumps. 

The size of the forepump selected may depend on the peak load as well as the pump- 
down time. Every diffusion pump has a maximum micron-liter per seeond through- 
put determined by the jet design and operating conditions. However, if tle speed of 
the forepump is not sufficient, the maximum micropr-liter per second throughput of the 
diffusion pump will be limited to the product, of the forepump speed and the limiting 
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forepressure for the diffusion pump. Since it is usually desirable to keep this product 
larger than the pouk load of gas evolved from the vacuum system after the diffusion 
pump has begun to operate, the size of the forepump selected should he adequate to 
meet, this peak-load condition, Frequently the size indicated by the peak-load con- 
dition is much smaller than the size required to meet the specified pump-down time, 
In this case, if the processing part of the cycle is much longer than the pump-down 
time, it is advisable to use two forepumps—a large one (g) for.roughing down from at- 
mospheric pressure and a smaller one (h) for holding the vapor pumps during the rough- 
ing period and backing them during the processing peviod. 

Location of Valves, Traps, and Connecting Lines. Because of the long warm-up 
and cool-down times in some cases it is desirable to keep thé vapor pumps hot by 
closing valves (d), (/), and (7) and operating the holding pump (A) while roughing 
down to 1 mm. Hg with the forepump (yg). Valves (4) and (4 are then closed while 
(j) and (2) are opened and the holding pump is switched to the diffusion pump hy valves 
(m) and (2) until the pressure in the vessel reaches 100 u. Then (7) is closed while (d) 
and (2) are opened. When the,time allowable for reaching 10-4 mm. is more than 
20 minutes, the roughing can be done through the diffusion pump providing the boiler 
has been cooled to a safe temperature for exposure to-atmospheric pressure. The time 
required to cool the boiler to the sale temperature can be shdrtened by passing cold 
water through the cooling coil which :surrounds the boiler on certain of the smaller 
metal pumps. The pump heaters can be turned on again’ as soon as the vessel is 
roughed down to 500 2. ‘The use of this procedure obviates'the need for high-vacuum 
valves, by-pass lines, and holding pumps. 

Provision for separating water from the mechanical 3 pump sealing oil (p) or for 
preventing condensation within the mechanical pump! should be made whenever the 
system evolves large quantities of moisture. In extreme cases, a cold trap must he 
included in the forevacuum line to condense moisture or solvents which might contami- 
nate the forepump. 

Since the larger mechanical pumps often have considerable vibration, flexible 
metal bellows (¢) are usually included in the forevacuum line. These bellows also aid 
in aligning the pipes during assembly. It is not necessary to have the mechanical 
pump or even the ejector pump installed close to the vessel and the diffusion pumps, 
since the resistance to gas flow of moderate lengths of pipe having the same diameter as 
the suction opening on these pumps is not a serious problem at pressures above 200 u, 
In some installations it is desirable to locate the mechanical pumps at a distance for 
easy servicing without exposure of personnel to dangerous process equipment, or to re- 
duce the noise level in the process room. 

If the process involves a period of ontgassing or there is a steady evolution of gas, 
the pressure that can be maintained is roughly inversely proportional to the net 
speed of the diffusion pump and connecting pipeline. When the outgassing load 
execeds the maximum capacity of the diffusion pump, the jets “break down” and the 
pressure rises rapidjy. If the heater is not shut off and the forepressure is not too high, 
the jeé action may be resumed temporarily. However, the pressure oscillates over a 
wide range and the pumping action is unsteady. In some processes the period of 
outgassing is brief and the diffusion pump is allowed to run in the breakdown region 
until the pressure again falls to the point at which the process can begin. Oil vapor 
ejectors are extremely useful in shortening these periods. If the forepressure rises to 
more than 800 x for more than five minutes, the heater of the diffusion pump should be 
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shut off to avoid decomposition of the oil, Automatic devices for shutting off the 
heater are available. 

Installation of Gages and Controls. Referring to the typical large vacuum sys- 
tem illustrated in Figure 9, a hot-filament ionization gage or a Philips gage, or possibly 
a Knudsen gage, should be installed on the process vessel as shown at (r) and also on 
the baffle at (s) below the seat of the high-vacuum valve (2). If mercury vapor is 
present in the system, the gage may have to be trapped with liquid nitrogen or with 
solid carbon dioxide and acetone. The rate of rise of pressure on gage (7) when valve 
(d) is closed will indicate the leak rate or outgassing rate and give information about 
the presence of vapors, 





(o) 


Fig. 10. Flange joints: (a) with double gasket groove; (b) with O-ring gasket; (¢) with 
gasket insert. 


A Pirani, thermocouple, or rotating-type McLeod gage should be installed in the 
forevacuum line at (1). A Bourdon-type gage can be installed on the vessel or in the 
forevacuum line if the progress of evacuation from atmosphere down to a few mm. 
Hg must be watched. The condition of the forepump can always be checked by clos- 
ing valves (7) and (k) and observing the gage at (f). A Pirani or thermocouple gage 
ean be installed at (uz) when information on the interpump pressure is of interest 
(for example, when pumping hydrogen or any gas at interpump pressures near the 
limiting forepressure for the diffusion pump). 

The valve at (v) is used to vent the forepump while holding the rest of the system 
under vacuum by closing (7) and (k). This should be done when shutting off the motor 
on the mechanical pump for a long period since the sealing oil may otherwise leak back 
into the vacuum system. This opening can also be connected toa leak detector, which 
may be of the halide sensitive or of the mass spectrometer type. . 
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The process vessel should be vented through a valve located on the vessel as shown 
at (w). The blast of inrushing air should be directed away from the process material 
in the chamber. Air should never be admitted 10 the vapor pumps through the vent 
(vy) in the forevacuum line when valve (7) is open and valve (/) is closed since the air 
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Fig. 11(b). Rotary shaft seal. Arrow indicates connection for lnbrieation circulation. 


may carry oil vapor into the vessel or dislodge the jet assembly in the diffusion pump. 
The time, ¢, in minutes to vent a vacuum chamber of volume V cubic feet from pres- 
sures less than | » to atmospheric pressure through a stundard globe valve of nominal 
diameter D inches is given approximately by: 
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E= V/100D2 (11) 


A thermal! switch may he installed on the cooling coils of the vapor pumps to 
protect against failure of cooling water or may be located in the boiler to prevent 
overheating due to a forepressure above the critical value. A pressure-operated safety 
switch can be installed in the forevacuum line to protect the vapor pumps against ex- 
cessive rise in forepressure. The mechanical pump should have a solenoid’ operator 
on the shut-off valve in the oil line. Pneumatic operators with fail-safe features can be 
installed on valves (d), (@), (7), (4), and (2). The control panel should have interlocks 
on the switches for the vapor pumps and bigh-vacuum gages to protect against opern- 
tion wider improper conditions. 

Joints, Seals, Gaskets, and Valves. Figure {0 illustrates typical high-vacuum 
flange joints using O-ring rubber gaskets and square eross section rubber gaskets. 
The use of a double gasket (Figure 10(a) aud (e)) permits leak hunting by supplying a 
tracer gas to the space between the gasket rings through the hole in the flange. This 
space can also be evacuated by an auxiliary pump to cheek for leakage past the inner 
gasket aud temporarily stop the leakage until the system ean be opened for repair of 
the leak. 

Rotary shaft seals are shown in Figures 1 f(a) and 11(6). There are many types 
of vacuum valves, glass-to-metiul seals, shaft seals, tubing couplings, electrode seals, 
and other vacuum plumbing accessories available. For details see references (16,24, 
30,43). 


Applications 


Vacuum Distillation. Most organic compounds will not tolerate prolonged 
heating at temperatures greater than 250°C. without excessive decomposition. Com- 
pounds of molecular weight greater than 150 will in geueral have vapor pressures less 
than 760 mm, Hg at temperatures below 250°C, and must therefore be evaporated at 
reduced pressure by vacuum or steam distillation techniques. Steam distillation can 
ouly be used with materials that are immiscible and unreactive with water. Low 
pressure is also useful in the fractional distillation of mixtures that are azeotropic at 
atmospheric pressures. In some cases it is more economical to use Jow pressures in 
fractional distillation because less heat is required to achieve a given separation. 

Vacuum-distillation techniques are classified by the type of still employed. 
Molecular stills are designed so that the distance between the evaporating surface and 
the condenser is not large compared with the mean-free-path of the vapor molecules; 
they operate at pressures of 0.01 mm. Hg or less. The material being distilled (dis- 
tilland) is usually spread out in a thin film over the surface of the heating unit and 
caused to flow by gravity (fadléug-jilm stilt) or centrifugal force (centrifugal sitll) over 
the hot surface into a reservoir for the residue. When no obstruction is interposed 
betweep evaporator and condenser, the distillation is substantially “projective,’’ 
that is, very few evaporated molecules return to the distilland. Short-path rotating 
drum stills, in which the digtilland is spread in a thin film ou a horizontal roller aud the 
residue is scraped off before the surface again dips inte the distilland, have heen con- 
strueted in Germany (24), 

The open-path or shorl-path pot still is not generally regarded as a “molecular 
still,” but it does employ a short, wide rectification column with a very low pressure 
drop from pot toe condenser, Stirring of the distilland in the pot is desirable since 
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ebullition does not occur in high-vacuum distillation. The equilébriwm pot still em- 
ploys a long, narrow column, or a wide column with stationary packing, or a concentric 
rotating condenser which flings the condensate back to the heated wall of the column. 
The fractionating efficiency is high, but the pressure drop and thermal decomposition 
hazard are also higher than for short-path stills. 

For large-scale fractional distillation or rectification at pressures in the moderate- 
yacuun region (760 mm. to 1 mm. Hg), conventional bubble-cap plate towers and 
tubular boilers may be used. To avoid a pressure drop of more than I or 2mm. Hg 
per tray, the slot submergence, or liquid head above the top of the slots in the bubble 
cap, must be maintained at a suitably low value. 
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Fig. 12, Five-foot centrifugal still (20). 


Figure 12 shows a typical commercial molecular still of the centrifugal type. 
‘The evaporator is a conical aluminum casting, with a diameter of 155 cm. at the top 
and 110 em. at the bottom, which rotates at about 400 r.p.m. This rotor is heated by 
radiation from surrounding electrical resistance heaters which in turn are backed by a 
layer of reflective insulation. The distilland is fed to the bottom of the conical inside 
wall of the rotor through a pipe pointing in the divection of rotation and having a 
nozzle which projects the liquid at the peripheral speed of the rotor. The liquid is 
lifted up the distilling surface by the centrifugal force and forms a film about 0.05 mm. 
thick. The residue is flung into a gutter at the top of the still from whence it flows 
through a heat exchanger to a gear pump which discharges the oil at atmospheric pres- 
sure, or the residue may be fed directly from the gutter to the rotor of another still in 
series. In the latter case the conical rotor serves as a lift pump. 

The vapors travel a short distance to a condenser, sometimes formed of vertical 
leaves or vanes closely spaced to form a louvre system. Each leaf is provided with 
three gutters to separate the condensate into top, middle, and bottom fractions. By 
circulating warm water through attached tubes, the temperature of the condenser is 
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adjusted to collect about 959% of the wanted constituents while the unwanted serni- 
condensable coustituents and permanent gases are rejected and pass through to the 
center of the still where a separate cold condenser collects some of the semicondeusables. 
Other vapors are condensed on the dome and on a baffle placed at the entrance to the 
pumps, and the remainder pass on into the pumps. 

The pumping system may consist of three or four steam ejectors in series acting as 
forepump for an oil vapor ejector and a diffusion pump in series. The latter pump has 
a speed of about 5,000 liters per second in the range from 107% to 107? mm. Hg. 

The rate of feed of distilland is of the order of 500 kg. per hour. Care is taken to 
adjust the feed so that the upper edge of the rotor does not run dry. If complete dis- 
tillation is required, 90-95% of the residue may be recirculated. A nonvolatile carrier 
oil may be added to the feed at about the same rate as the bleed-off until sufficient 
recycling residue is built up to keep the rotor wet. Other schemes for keeping the 
rotor wet with diminishing supply of distilland are described in reference (20). 

The 5-ft. centrifugal still with unobstructed path between rotor and condenser 
gives separations of 0.80-0.95 theoretical molecular plates. A theoretical molecular 
plate is defined as the maximum separation achieved when the condenser is indefinitely 
close to the evaporator, and distilland is circulated so rapidky that the evaporating 
surface has substantially the same composition as the main bulk of the distilland, and 
the vapor molecules emerge at such a low density that there are relatively few collisions 
in flight. The separation of an ideal binary mixture under these conditions would be 
proportional to the ratio of the partial pressure divided by the square root of the molec- 
ular weight for the two constituents. The ratio of partial pressures often varies 
widely with the absolute rate of distillation which adds a further complication to the 
assessment of one theoretical molecular plate. The separation can be increased by . 
adding a fractionating barrier between evaporator and condenser. This may take the 
form of a wire-mesh sereen so formed that condensate drips ou the rotor, Various 
schemes for improving separation by grouping banks of stills in cascade have been de- 
seribed (20,388). 

Centrifugal molecular stills are available commercially in all sizes from a 5-ft. 
toa 5-in, rotor, Falling-film stills formerly used for pilot-plant operations and labora- 
tory analytical molecular distillations (42) are also available but have been largely 
superseded by the centrifugal still. 

The decomposition hazard (21), which may be estimated by multiplying the aver- 
age pressure in the still by the time of exposure, is lowest for centrifugal molecular 
stills, but increases with their size. The value is one or two orders of magnitude 
higher for falling-film stills and many thousands of times higher for column stills 
(22). The centrifugal still is particularly adapted for thermally wnstable liquids of 
high viscosity aud requiring temperatures of 100-280°C. for distillation in a high 
vacuum. It has been successfully applied to the commercial distillation of oil-soluble 
vilamins, sterols, animal fats, and high-molecular-weight plasticizers. 

Vacuum Metallurgy. The application of vacuum techniques to metallurgy on an 
industrial scale is now well established and is growing rapidly (15,31). Large vacuum 
furnaces for melting of steel and chromium alloys were first: developed by W. Rohn 
(89) in Germany during the years 1914-1940. Magnesium was produced by reduc- 
tion of magnesite with calcium carbide in steel retorts at pressures under 1 mm. Hg 
in England from 1935 up to the time during World War II when Canada and the US. 
began producing magnesium from dolomite by reduction with ferro silicon at pressures 
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from 0.01 to 0.2 mm. Hg at a sufficient rate to alleviate the shortage (87). Barium, 
strontium, and calcium have been produced for several years in vacuum furnaces by 
reduction of the oxides with aluminum (31). The alkali metals have also been pro- 
-cuced by vacuum methods. 

Pure uranium and zirconium are produced by vacuum techniques for use in atomic 
energy reactors. Vacuum furnaces are required for the production of pure ductile 
titanium, tantalum, molybdenum, and special steel alloys for jet-engine parts. The 
electronics industry makes use of high-purity vacuum-melted copper, germanium, 
‘and silicon. Zine is removed from lead under vacuum after desilverization. The 
thorough outgassing of molten steel alloys under vacuum results in greater strength, 
greater corrosion resistance, and longer life for bearings, springs, fine drawn wire, 
and similar parts in which cohesive crystal structure is desirable. 

Sintering (see Powder metallurgy), bright annealing, heat treating, and soldering 
of metals may be performed ina high vacuum, or vacuum may be used before the intro- 
duction of pure hydrogen. The brazing of metals to ceramics by the titanium hydride 
process employs a high vacuum. . 

' Several vacuum techniques have been developed for the analysis of impurities in 
metals. The vacuum fusion method for the analysis of gaseous elements and the low- 
pressure combustion method for the determination of carbon in metals are described 
in reference (8a). 

' Many of the problems of applying vacuum techniques to metallurgy have now 
been solved by the development of large pumps for the 10-1 to | mm. Hg range and 
the improved design of large induction-heated furnaces. However, while consider- 
able data have been obtained (28,86) on the reactions between materials that are, or 
might be, used in construction of furnaces and crucibles and the vapors of metals and 
inorganic compounds at temperatures above 1000°C., more researeh is needed on the 
chemical behavior of materials in vacuum furnaces. Some of the special techniques 
that have been developed and the problems encountered are presented in the following 
sections. ; . 

) Furnace Design. Fxternally heated vacuum retorts of nickel-chrome steel were 
used in the manufacture of magnesium by the Pidgeon process during World War II, 
and are still used in the preduction of calcium. Retorts built from iron cannot be 
heated above 500°C. without excessive scaling of surfaces exposed to the atmosphere. 
Iron sprayed with a coat of stainless steel can be used up to 700°C. Iron sheathed in 
Inconel can be used up to 1200°C., but above 800°C. mild steel begins to creep under 
moderate pressures. Above 1100°C. both mild steel and stainless steel show pro- 
nounced creeping. Although the retorts used in the Pidgeon process had walls more 
than 1 in. thick, they gradually became deformed. Iron retorts enclosed in a vacuum 
chamber can be used up to temperatures of 1200°C., but heating cannot be accom- 
plished from the outside with gas or oil burmers. A vacuum-enclosed electric resist- 
ance furnace was designed by Bagley (31) for manufacturing magnesium by the ferro- 
silicon process during World War II. . 
“Fused quartz, mullite, alundum, zircon, sillimanite, and pure refractory oxides 
are used for small tubular retorts heated externally by electrical resistance ovens or by 
induction heating coils. Furnaces for melting and casting of metals use vertical cru- 
cibles of graphite, alumina, magnesia, zirconia, beryllia, or thoria enclosed in a large 
metal vacuum chamber. Heating is accomplished by an arc, induction coils, or resist- 
ance windings located inside the vacuum tank and operated at: sufficiently low voltages 
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to avoid glow discharges or uncontrolled arcing, Craphite resistance heating units 
can be employed in vactum furnaces operating up to 1600°C., above whieh carbon 
evaporates at a rate that may cause trouble. Silicon and aluminum vapors attack 
graphite heating elements or crucibles to form carbides, but graphite can be used in 
calcium reduction furnaces. Graphite reacts with most refractories aud oxides above 
1800°C. Silicon carbide resistance heating wnits are not recommended above 1400°C. 
in vacuum (12). Tungsten and molybdenum can be used for resistance heating 
in vacuum but tend to become brittle at high temperature. Tungsten, molybdenum, 
and tantalum heating units are attacked by oxygen and water vapor. Resistance heat- 
ing units are always surrounded by insulation or radiation shields. Light-weight fire- 
brick and zireon brick can be used inside vacuum furnaces (7,36), 





Fig. 13. Induction-heated tilt-pour furnace. 


Iligh-frequency (1-20 ke.) induction heating is used for high-temperature fur- 
naces (1000-2000°C.). For melis wp to 5 lb., a radio-frequency generator may he 
used. For larger melting furnaces, motor generators with frequencies of 9.6 or 
3.0 ke. are employed, and for very large furnaces a frequency of 0.96 ke. 
isrecommended. The lower frequencies give greater stirring of the melt, The power 
required depends on the melting time and size of the charge. For pilot-plant furnaces 
with melting times of about 30 minutes, approximately 1 kw, of generator capacity 
per pound of steel is required (84). Large furnaces for melting 1000 lb. or more of 
ferrous or nickel base alloys require about 0.3-0.5 kw. generator output per pound of 
melt for melting times of one to two hours. 

Figure 13 shows a typical induction-heated furnace for melting 1000-tb. batches, 
The crucible is surrounded by several turns of water-cooled copper coil through which 
is passed the high-frequency current. ‘The coil must be kept sufficiently far from struc- 
tural metal parts of the furnace to avoid undue power losses. A coil voltage of about 
200 volts is preferred to avoid arcing and glow discharge, but very large furnaces (aver 
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200 kw.) usually employ £00 volts. The crucible asseutbly is mounted on brunnions 
or pivots for tilt pouring. In small furnaces flexible leads may be connected to the 
coil so that the crucible can be tilted. In early pilot-plant furnaces these consisted 
of a braided cable run through a rubber water hose which transmitted the cooling 
water. Most large induction furnaces now use contact blocks against which the ends 
of the coil rest during melting, or the erucible assembly is mounted on a reteuting seal 
through ¢he furnace wall with coaxial leads passing through the seal. 

Vaeuim are farpaces are used for metals with a very high melting point, such as 
molybdenum, or for melting metals, such as zirconium, that react with available cru- 
cible materials. ‘The pressure must be cither less than 0.05 mm. Hg or else kept 
above the point ab which glow discharges occur by admitting an inert gas. The are 
must be confined to the vaporized metal by controlling the voltage aud pressire. 
The are is struck hetween a long vertical adjustable electrode and the metal in the 
crucible. "Che movable electrode may be a consumable rod of the same metal as that 
being melted or it may be a water-cooled permanent eleetrode of graphite, tungsten, 
or molybdenum. In the are melting of molybdenum a consumable electrode is con- 
tinuonsty formed by compacting and sintering powder in a mold at the top of the 
furnace (41). In the melting of titanium sponge the ingot grows as the molybdennm 
powder, or crushed titanium sponge, flows into the hot zone at the top of the ingot 
which descends into a water-cooled mold (15). 

Leading and Pouring. The crucible is usually filled to about two-thirds of its 
volume. Frequently constituents must be added to the batch under vacuum. In 
small furnaces, it is sometimes advisable to reduce the temperature of the crucible 
helow the melting point since the added material may release quantities of gas causing 
spattering. In large frnaces, this preeaution may not be necessary if the material is 
added slowly. The additions are usually dropped from buckets into a chute. De- 
vices for emptying the buckets by external controls have been described by Nisbet (40). 
Additional ingredients may also be suspended above the crucible or chute on a wire 
which can be fused by an electric current. 

The melt must be poured into water-cooled molds, since allowing the melt to 
solidify in the crucible requires a long time and usually results in large pipes and non- 
uniformity. The melt may be poured from a lip ati the top of the cructble by tilting 
the crucible and heating coil or by tilting the whole furnace about a rotary sealed pump- 
ing Sine. The melt may be tapped from the bottom of a crucible provided with a hole 
sealed by a stopper rod. Or, the hottom of the crucible may have a short pipe sealed 
by a fusible plug whieh ean be melted by an electric heater surrounding the pipe. 
Glass viewing ports are usually required so that the operation can be controlled from 
the outside. The glass must be protected by retractable metal shields to avotd 
being obseured by material volatilized aud spattered from the melt. 

Ceramic or sand molds oulgas too much and water-cooled copper or steel molds 
are therefore commonly wsed. Casting must be done slowly to allow the liberated gas 
to be pumped away and to avoid long pipes. Water cooling rates approximate one 
gallon per minute for each pound of melt (except for metals like beryllium that produce 
brittle ingots if cooled too rapidly). Bottom disks of ceramic may be used to prevent 
excessive cooling of the first run of metal. Colloidal graphite applied to the walls of 
the mold and haked on will facilitate the release of the ingot from a chilled metal mold. 

Chemical Reactions al Low Pressures. Inorganic chemical reactions at room tem- 
perature are very slow in high-vacuum systems because of the absence of water and 
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other ionizing solvents Ghat arc too volatile to remain in the condensed phase. Tlow- 
ever, at elevated temperatures reactions may occur at appreciable rates In w vacuum 
system. For most inorganie eompounds and metals, temperatures above 800°C. 
are required for melting or dissociation. Above 1300°C. so many substances react that. 
it is difficult to find materials for the structural parts of the vacuum system that will 
not be corroded or cause contamination, Many high-temperature reactions are facili- 

tated by the use of low pressures because surface films of oxides and nitrides are avoided 
and volatile praducts are pumped or distilled away from the reaction mixture. For 
example, beryl ore reacts with aluminum or magnesiwm fuoride at 1000°C, ina vacuum 
to produce beryliittm fluoride, which is evaporated in the process 31). 





Fig. 14. Shelf dryer (17). 


Reactions to be carried on in molten baths require vigorous stirring of the bath 
since the gaseous products can escape readily only fram the surface layers, The hy- 
drostatic pressure of the liquid a few millimeters below the surface may be greater than 
the partial pressure of the reaction product at the prevailing temperature. A large 
surface area, is required for the rapid removal of volatile products. Turbulent stirring 
is required to keep the surface layers from becoming clogged with nonvolatile products 
and depleted of reactants. This suggests the desirability of usiig thin films or falling 
drops of liquid in equipment similar to that used for vacuum distillation of organie 
materials, 

Among the reactions used in vactuim metallurgy are the following: the Pidgeon 
process (31) (see Magnesium and magnestum alloys, Vol, 8, p. 672); the Guntz process 
(31) (see Alkaline earth metals, Vol. 1, p. 460); the Kroil process (37) (see Zircondunz) ; 
the Van Arkel process (18) (see Zzreonium); the Van Impe process (45) (kee Uranium). 
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Vacnum Dehydration. ‘The removal of water and other solvents at pressures it 
the moderate-vacuum region is treated in Distillation, Vol. 5, p. 18t; and Filtration, 
Vol. 6, p. 518. ‘The application of high-vacuum techniques to drying processes will be 
deseribed briefly in the following section. 

The vapor pressure of ice at O°C. is 46 mm. Hg, but many biological prepara- 
tions are not completely frozen until the temperature is well below —17°C., at which 
temperature the vapor pressure of pure ice is 1.0mm. Hg. From a theoretical view- 
point, drying of biological preparations should always be conducted at temperatures 
below the minimum eutectic temperature so that aggregation of molecules and con- 
centration of salts cannot occur. In practice this is seldom possible, and the engineer- 
ing criterion for safe drying temperature is that no frothing and no shrinking should 
oceur during drying (17). For most. preparations, such as blood plasma and strepto- 
mycin, this means drying at pressures in the high-vactuum region (10,17). While freeze 
drying (high-vacuum) techniques have been applied to dehydration of fruit juices and 
other foods to a very low moisture content, present practice tends toward low-vacuum 
methods involving absorption columns in which liquid desiccants such as 50% 
lithium chloride or bromide solution, are circulated (7). 

The material to be dried must first be frozen on a tray or inside suitable containers 
with wide openings for rapid escape of water vapor, The material should preferably 
be frozen in a thin layer to provide maximum surface for evaporation. The design of 
the vacuum chamber depends on the form of the trays or containers holding the frozen 
material, <A typical shelf dryer for trays is shown in Figure 14. Provisions should 
be made for warming the material to maintain adequate rate of evaporation. 

The pumping system usually consists of a cold trap and an oil vapor pump backed 
hy a mechanical pump having means for separating water from the sealing oil or op- 
erated with gas ballast. On small systems, chemical desiccants may be used. In 
large installations where high-pressure steam and an adequate supply of cooling water 
are available, a four- or five-stage steam ejector ean be directly connected to the drying 
chamber. However, since 1 sq.in. of cold trap surface can condense water vapor at the 
rate of about 90 liters per second, it isin general not difficult to design cold traps that 
will have a “pumping speed” for water vapor equivalent to a very large vapor jet 
pump. The bulk of the water is therefore usually removed by a cold trap and the 
drying completed by a vapor jet pump while the cold trap is isolated from the drying 
chamber by valves and “defrosted.” Trap temperatures should, in general, be below 
—40° GC. At this temperature the vapor pressure of ice is about 0.1 mm. Hg. Me- 
chanically refrigerated cold traps with temperatures as low as —70°C. and capable of 
collecting several hundred pounds of ice are available commercially. A continuously 
operating cold trap has been developed in which the water vapor condenses on the 
inside wall of a cylinder, and the ice or “snow” is scraped off hy rotating blades. The 
ice drops into an evacuated reservoir where mechanical means are provided for ejecct- 
ing the ice into the atmosphere without loss of vacnum. Large units of this type will 
handle up to 55 th. of water per hour (14). 

As complete dryness is approached, the temperature of the material is gradually 
raised to 0°C. or above to drive out the last traces of moistwre. For estimating put- 
poses it can be assumed that the ice surface of the frozen material in the vacuum cham- 
ber will recede at the rate of 0.2-1 mm. per hour (10). Residual moistitre eoutent, is 
normally about 0.5% (2). 
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B. B. Dayton 


VACUUM TUBES 


Essentially a vacuum tube consists of (a) the cathode, which is the source of elec- 
trons, (2) one or more grids which control the flow of electrons and the operation of the 
tube, and (ce) the anode or plate. The operation of vacuum tubes is discussed under 
Hlectrontes (Vol. 5, p. 558). 


Theory of Electron Emission 


In metals in the solid slate, the metallic bond, which is responsible for the cohesion of metals 
and gives rise to the crystal slructures characteristic of metals, is nondirectional; 4.¢., the atomic or 
molecular farces are exerted in all directions within the body of the crystal, chiefly upon the immedi- 
ately neighboring atoms. According to modern concepts the metal lattice consists of close-packed 
positive metal ions with free electrons moving in the interstices of the hittice. These valence elec- 
trons move from one atom to another in random motion with thermal velocities. In the presence of 
an externally applied potential difference the clectrons acquire an additional velocity in dhe direction 
of and proportional to the tield, thus accounting for the high electrical conductivity of metals. 

At normal room temperatures these free electrons do net escape from the body of the metal. 
This is evident from the fact that a metal does not become positively charged after standing at room 
temperatures for any length of time. According to the theory of behavior of free electrons, the reason 
for the failure of clectrons to escape is the existence of a potential energy barrier at the boundary or 
surface of the metal, This barrier occurs beeause of the lack of symmetry in the arrangement of 
charges about the positively charged nuclei at the boundary, An electron inside the body of the 
metal is surrounded symmetrically and in general experiences no net force in any direction. On the 
other hand, an electron starting through the surface has only positive forces pulling it back to the 
metal and none pulling it out. In order to escape from the surface of the metal an electron must, have 
kinetic energy equal to or greater than the potential gradient at the barrier. The property of a metal 
talled “work function” is a measure of the amount of kinetie energy that is capable of ejecting an 
electron from the metal. The greater the work function of a metal, the larger is the amount of 
kinetic energy required to release an electron from the metal. 

The flow of electrons from metals may be obtained in a number of ways, namely, by thermionic 
emission, by photoelectrie emission, by secondary emission, or by field emission. 

Thermionic Emission. If the temperature of a metal is increased sufficiently, some electrons 
will obtain enough kinetic energy to enable them to surmount the potential energy barrier and eseupe 
from the surface of the metal. This is known as thermionic emiasion. All solids will emit electrons 
as» result of applied thermal energy, such emission depending upon the temperature of the material 
and its constitution. The electron current emitted from a cathode is described hy Richardson’s 
equation as it has been modified by Dushman: 


T= AT® exp | -eb/KT} 


where J ig the current emitted in amp./em.?, 4 is an emission constant expressed in amp,./(em.2) 
(deg.?); 7 is absolute temperature in degrees Kelvin; ¢ is the electron charge of 1.6 % 107! e.s.u.; 
K is Bolizmann’s constant; and ¢ is the work funetion of the material expressed in volts, We can see 
that at any given temperature and area of a cathode the emission depends upon the work function of 
the metal and the value of 4 which is theovetieally equal to 120 for pure metals. The greater the 
work function, the lower will be the emission af any given temperature, In order to compensate tor 
a high work function the operating temperature of the cathode may be increased, but this will in- 
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crease the rate at which the emitter evaporates and will decrease the life of the cathode correspond- 
ingly. 

Photoelectric Emission. Many materials may emit electrons when light or radiation of a 
suitable wave length impinges on the surface. This form of eleetron emission is known as photo- 
electric emission, and some metals whose surfaces have been specially treated are very efficient 
emitters. They form the basis of phototubes, which detert and measure light, and ultraviolet or 
infrared radiation. See Photoelectric cells. 

Secondary Emission. When electrons or ions strike 1. metal surface from outside, electrons 
will be emitted from the surface of the metal. Tn this ease Che cleetrons obtain sufficient energy for 
emission from the incident electrons. This bombardment by the incident electrons may change the 
characteristics of some surfaces. 

Field Emission. Field emission «liffers from the preceding three types of emission in that, 
energy is not given to the electrons in the metal, Instead, the electrodes und applied potentials are so 
arranged that an intense electric field is produced at the emitting surface. This electric field modifies 
the confining potential energy barrier Lo such an extent that electrons may penetrate it and escape. 
The positively charged electrode may actually be eansidered as pulling the electrons out of the surface 
of the metal. 


Cathode Materials 


Tungsten. ‘The most common source of electrons in transmitting and bigh- 
power tubes is tungsten, mainly because it can be raised to a higher temperature with- 
out melting than any other metal. lt basa comparatively high work function of about 
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(2) (c) (d) 
Fig. 1@@-d). Changes in structure of pure tungsten filaments heated by alternating current (5). 


4.5 ev. and consequently has relatively low emission. Its emission efficiency, @.e., 
its ratio of emitted current to power radiated, is very low. This makes tungsten an 
expensive source of electrons because of the amount of power required. For these 
reasons tungsten is not used as an emitter unless the application is such that other 
emitters cannot be used. 

Tungsten has its greatest application in high-voltage x-ray and power tubes where 
plate potentials operate above 3000-1000 volts, because tungsten is not subject to 
loss of emitting properties as a result of positive-ion bombardment at these high poten- 
tials. These positive ious oceur in a tube because of the small amount of residual gas 
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always remaining in commercial vacuum tubes. In high-voltage tubes these positive 
ions have their greatest energy aid bombardment is so severe that the emitting prop- 
erties of other materials are impaired to the extent that they cannot be used. Like 
other materials, tungsten is subject to reduction of emission by poisoning from con- 
tamination by some gases, but it cleans up more readily by heating or bombardment. 
than other materials. The life of a tungsten filament is considered at the end point 
after its diameter has been reduced by 10% because of evaporation. Hot spots form 
and lead to burnout of the filament at these points. 

Pure tungsten wire has a fibrous structure, but at temperatures above 1000°C, it 
loses this structure and crystal grains begin to grow (Fig. 1). The size of these grains 
depends upon the temperature and the time of heating. The crystal size may grow 
to the point where it extends across the full wire diameter, and slippage may then 
oceur along the grain boundaries at right angles to the axis of the wire. This is known 
as offsetting and leads to hot spots and burnouts. This excessive crystal growth ean 
be prevented by the admixture of thorium oxide to the tungsten powder batch from 
which the wire is made. 

Thoriated Tungsten. Thoriated tungsten usually contains 1-2% thoria (ThO,). 
During the exhaust cycle in the manufacture of tubes the thoriated filament is heated 
to above 2500°C. for | minute. The thoria decomposes to pure thorium and oxygen, 
and the oxygen is pumped out of the tube. The temperature of the filament is then 
held at about 2100°C, for a few minutes, during which time the thorium diffuses to the 
surface of the filament more rapidly than it evaporates, thus building up a thin layer 
of thorium on the surface. Thorium has a lower rate of evaporation from tungsten 
than it has from itself ata given temperature; therefore, a thin layer of thorium may 
remain on the surface of hot tungsten at temperatures that would cause rapid evapora- 
tion from pure thorium. The work function of thoriated tungsten, of about 2.8 e.v., 
is also lower than that of either pure tungsten or thorium, thus giving higher emission 
than either at any temperature where the thorium still remains. 

Thoriated tungsten filaments are usually carburized by heating to about 1700- 
1800°C, in a hydrocarbon vapor until the resistance of the filament increases by 10- 
20%. This allows the reduction of thoria to thorium at a lower temperature and is 
necessary if the filament is to withstand appreciable positive ion bombardment, by 
which thoriated tungsten filaments are susceptible to deactivation. This carburization 
increases the life of the filament because the evaporation of thorium from a carburized 
surface is several times smaller than from a pure tungsten surface. 

The disadvantages of thoriated tungsten are that it is limited to operation at 
relatively low-voltage gradients compared to tungsten because of sputtering of the 
surface film of thorium by gas ions, and it is difficult to work mechanically. Fabrica- 
tion of a large-area cathode is almost impossible, and it is generally restricted to wire 
or small-diameter rod form. 

Tantalum. Tantalum is the only other pure metal emitter that is efficient at 
elevated temperatures. Although it cannot be heated to as high temperatures as tung- 
sten, its work function is lower, 4.1 e.v. compared to 4.5 for tungsten. At a given tem- 
perature its emission may be up to ten times that of tungsten, but its rate of evapora~ 
tion is also much higher. If both are operated at. temperatures which will give the 
same emission, the life of the tantalum filament will be shorter. he great advantage 
of tantalum over tungsten is that tautalum van be drawn ard formed to almost any 
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shape required regardless of size. A disadvantage is that it is contaminated easily 
by residual gases in the tbe. 

Oxide-Coated Cathodes. The most economical source of electrons for most 
commercially produced electron titbes tuday is the oxide-coated cathode. Among the 
clectrou tubes currently produced that utilize oxide-coated cathodes are radio re- 
eciving tubes, television tubes, cathode ray tibes, magnetrons, klystrons, and traveling 
wave tubes. 

Tt was found, as early as 1904 by Wehnelt, that copious electron emission could 
he obtained from alkaline-carth oxide coatings ou a basis metal of platinum. Barium, 
strontium, and calcium oxides are all used today. The amounts of each of these are 
variable, but the optimum ratios vary between 60 and 70% strontium oxide and £0 
and 30% barium oxide for “double oxides” and about 47% barium oxide, 48% stron- 
tium oxide, and 10% caleium oxide for “triple oxides.” Such coatings will give high 
emission at low temperatures with high efficiency. At about 800°C. an oxide-coated 
‘cathode will give about the same emission as a tungsten filament operating at 2000°C., 
but will be operating at an efficiency 20 times higher. The work function of oxide- 
coated cathodes is about 1.2 e.v. compared to 4.5 for tungsten. 

There are conflicting theories concerning emission from oxice cathodes, but it is 
generally conceded that a thin layer of barium metal is formed on the surface and in the 
interstices of the oxide, and that emission takes place from the excess metal on the 
surface. It is the complex structure of the surface that is effective in reducing the 
potential energy barrier and therefore the work function. The excess barium is ob- 
tained from the barium oxide by chemical reaction with the core or basis metal, by 
electrolytic reduction by the potential energy gradient through the oxide coating, and 
by reduction by positive-ion bombardment. 

The basis metal has a decided influence on the emission from the oxide cathode, 
and metals such as titanium, tantalum, nickel, and molyhdenum may be used. The 
most, commonly used core metal today is nickel, mainly because of its desirable physical 
properties aud low cost. Pure nickel is helieved to have no appreciable reducing effect 
on the oxide, and it is therefore common practice to add reducing agents to the nickel 
melt to obtain a slight amount of reduction of the oxide coating to free barium for high 
electron emission. 

Excessive amounts of reducing agents may reduce too much oxide, thus shorten- 
ing the life of the cathode. In certain tubes, such as power output pentodes and other 
tubes with close cathode to grid spacing, and for vacuum tubes with high cathode 
operating temperatures, a passive nickel with reducing agents excluded is used. Buch 
a material is 499 nickel.” On the other hand, when large amounts of cathode poisons 
are apt to be released from the tube parts and glass wall, an active cathode alloy such 
as “225 nickel” is used; this has a silicon content of 0.15-0.25% which gives it a strong 
reducing effect. Among other alloys used are “220 nickel,” which is fairly easily 
activated without liberation of excessive amounts of free barium. Tt is a normal eath- 
ode material with the silicon and magnesium coutent restricted to 0.01-0.05 and 
0.01-0.10% respectively. 

Other reducing agents which may be used in place of or in addition to silicon are 
tilanium, aluminum, magnesium, and carbon, When carbon is used, the reduetion 
reaction produces volatile products which are pumped out of the tube during exhaust 
or cleaned up by getter-action. The other recueing agents form compounds such as 
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barium silicate, barium titanate, barium aluminate, and magnesium oxide at the stur- 
face of the nickel. These compounds form au interface layer between the basis metal 
and the oxides which may, if the layer is too heavy, have harmful effects on the opera- 
tion of the cathode, such as a lowering of cathode temperature, resulting in lower 
emission, high resistance in the cathode circuit, and poor bonding between the oxide 
nud the basis metal which results in sparking and peeling of the coating. 

In preparing conventional oxide-coated cathodes, since the alkaline-carth oxides 
react with moisture in air, the coating is generally applied to the cathode as a mixture 
of carbonates. During evacuation of the tube the cathode is heated to 900-1200°C. 
to decompose the carbonates to the oxides. The carbon dioxide released is pumpecl 
out of the tube during the evacuation. Thermal reduction also occurs with some evap- 
oration of liberated metal. Sometimes full emissiou is obtained immediately after 
sealing in of the tube, but usually the cathode must be activated. This is done by 
making the cathode negative with respect to the other elements in the tube and apply- 
ing a potential of 100-200 volts over a period of time during which the cathode is 
operated ab about 700-800°C. After the clectrolysis and positrve-ion bombardment 
have built up the emission to a stable value, the filament or cathode is ready to use. 

Oxide-coated cathodes have a tendency to deactivate under positive-ion bombard- 
ment during operation of the vacuum tube, and, although they are more rugged than 
thoriated tungsten in this respect, they are normally used in tubes with low plate 
voltage. They are also very susceptible to poisouing and emission decay when ex- 
posed to such gases as oxygen, sulfur, and chlorine and other materials. 

Another advantage of oxide-coated cathodes is that they may be heated indirectly, 
and therefore cathodes at different potentials may be heated from the same source. 
Also an advantage for many applications is the fact that all electrons emerge from the 
eathode at the same potential with respect to the other electrodes in the tube. 

Matrix and Mesh Cathodes. Successful attempts have been made to produce 
long-life cathodes of high emission yield by emhedding the carbonate coating in 
a porous basis metal or wire mesh from which the free barium continues to diffuse to 
the surface throughout the life of the tube. In another version, carbonates are mixed 
with a coarse nickel powcler to form a paste which is then pressed and sintered onto 
a recessed nickel sleeve. , 

Dispenser or L Cathode (4). The Philips Laboratories at Eindhoven, Holland, 
have announced the so-called IL cathode, a dispenser type which combines many of the 
desirable characteristics for cathodes used in high-voltage, high-frequency vacuum 
tubes. A ptessed tublet or cylinder of a barium-strontium carbonate mixture is held 
by a molybdenum base and enclosed by porous tungsten. During the evacuation of 
the tuhe the carbonates are decomposed at about 1100°C., after which the barium- 
strontium oxides are reduced at 1270°C. At this temperature the alkaline-earth 
metals and barium oxide have a very high vapor pressure, so they enter into the pores 
of the tungsten to form a monatomic layer of barium and barium oxide over the inner 
and outer surfaces. According to the Philips scientists this gives the cathode 
a higher yield of electrons. 

L cathodes operate in a higher temperature rauge than conventional oxide eath- 
odes, 900-1350°C. as compared to 700-900°C. ‘They will withstand heavy electron 
and positive-ion bombardment and are more resistant to sparking than conventional 
oxide cathodes. They are also mechanically stable and ean be manufactured to close 
tolerances. 
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Manufacture 


Basically, the manufacture of vaeutim tubes consists of the Fabrication of the 
parts and their assembly into the finished product, With advances in clectrautes and 
the inercase in number of types of vacuum tubes from the elementary diodes and tri- 
odes to present-day magnetrons, klystronus, traveling wave tubes, and others, the tech- 
nology of vacuum tubes has advanced to an intensely intricate process in which rigid 
inspection and control of all raw materials and manufacturing are necessities, 

Among: the contrals and operations which are esseutial in vacuum tube manitfac- 
ture are: (a) mechanical inspection and chemical analysis of incoming materials; 
{b) chemical cleaning and electrochemical operations; (c) high-temperature firing in 
controlled atmospheres or in a vacuum; (@) brazing operations; (e) control inspec- 
tions meluding possible spectrographie and x-ray inspections. 

Some of the rigid control of materials is carried on by the manufacture of raw mu- 
terials, particularly in the chemical and metallurgical industries. Purity of cathode 
materials, for instance, is of extreme importance in obtaining uniform end results in 
the finished tube. Each batch of cathode nickel is put through a series of rigid chemi- 
cal and electronic tests; in fact, actual cathodes are made up and tested for emission 
characteristics before the bateh of nickel is approved for cathode material. Likewise 
the manufacturer of the alkaline-earth carbonates must coutrol his processes to give 
purity and uniformity of end product of various formulations, since the proper formu- 
lation of the coating suspensions, the correct choice of suspending medium, binders, and 
solyents, as well as the exact composition of the carbonates, are highly important, 
The proper choice of material is dependent upon the cathode requirements of the 
various types of vacuum tubes, and the crystal structure, composition, and particle 
size of the carbonates have to be varied to meet the cathode specifications. The ear- 
bonates are mauufactured by the coprecipitation of the double or triple carbonates 
from a solution of the uitrates either by sodium carbonate or ammonium carbonate. 
The precipitation is carried out under carefully controlled conditions to give the de- 
sired particle size and crystal structure. A needle-like structure is obtained by using 
sodium carbonate, and a spherulitic structure by using ammonium carbonate. Only 
those lots which meet a high standard are used, and they, in turn, are blended to ob- 
tain maximum uniformity of end product. 

Among all other raw materials whose manufacture must be carefully controlled 
are those materials which either make up the vacuum envelope (glass, metal, ceramic) 
or those which make up the components of the tuhe and are enclosed within the vacuum 
envelope. 

Fabrication of the components which go into the make-up of vacuum tubes may 
be carried on by either the tube manufacturer or outside mauufacturers. In either 
case the manufacturers’ specifications as to materials and types of lubricating oils or 
drawing compounds which may be used must be elosely adhered to. For example, 
sulfonated oils and greases are taboo in a vacuum tube machine shop because of the 
deleterious effect sulfur has on cathode emission. Any slight amount of sulfur that 
might be carried into the finished vacuum tube by being embedded in the surface of 
the metal parts would cate emission decay and shorten the life of the tube. 


CHEMICAL PROCESSING 


After the fabricated parts have been inspected, they go through chemical cleaning 
operations, the first step of which is degreasing in either hot liquid and/or vapar de- 
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ercasers which utilize either trichlorocthylene or perchlorocthylene (tetrachloroethy- 
lene) as the degreasing material, This may he followed by a cleaning in a hot alkaline 
cleaner Lo remove any remaining traces of grease or oil, 

In some cases, this degreasing, followed by a hydrogen firing of the parts, may be 
the only cleaning that is necessary before assembly. Usually, however, the cleaning 
carried on at this point is more elaborate. The purpose of this chemical processing is 
twofold: (1) to remove all greases, oxides, and other contamination and render the . 
parts scrupulously clean befere they go into the vacuum tube; (2) to condition the 
surface for further operations by etching, chemical polishing or clectropolisling, by 
electroplating, or by a combination of these, 

Copper. To remove heavy oxides from copper the usual procedure is to immerse 
the part in hot 50% hydrochloric acid which contains a commercial inhibitor until the 
oxide has been removed. Other procedures involve the use of 10% sulfuric acid or a 
saturated solution of ammonium carbonate usually followed by a dip in sulfochromic 
acid (a solution containing sulfuric acid and chromic acid, CrOs,, similar to laboratory 
glass-cleaning solutions, but containing a lower percentage of sulfuric acid and more 
water). Ifthe amount of oxide is light, a rinse iu 10% sodium cyanicle may be enough 
to clean the part. In all cleaning operations the chemical treatment is followed by a 
thorough rinsing in both tap water and either distilled or demineralized water before 
drying. Usually the drying operation is facilitated by a rinse in clean alcohol before 
drying with a warm air blower or in an oven. 

A bright finish may be obtained by dipping the part in a copper bright dip for a 
few seconds, followed by immediate rinsing. This is repeated until the desired Anish 
is obtained. The copper bright dip is a solution of sulfuric and nitric acids in a ratio 
which varies between 2:1 and 6:1 in a small amount of water. The mixture also 
contains about 14% of hydrochloric acid. 

Iron, Steel, and Kovar. All three of these metals are cleaned in hot 50°, inhibited 
hydrochloric acid to remove any traves of oxide. Kovar, which is an alloy containing 
29% nickel, 17% cobalt, 58.7% iron, and 0.8% manganese, is used for making vacuum- 
tight glass-to-metal seals. In addition to the aforementioned cleaning procedure 
Kovar may be bright-dipped in a solution similar to the copper bright dip or in a solu- 
tion containing 75% acetic acid and 25% nitric acid with a little hydrochloric acid 
added. 

Nickel. Most nickel parts may be cleaned in the same manner ag iron or steel 
and may be hright-dipped if desired in the 3:1 acetic to nitric acid bright dip men- 
tioned above. 

Cathode nickel is treated differently, depending on the type of surface desired. 
Some of these cleanings are as follows: 

(1) The nickel is degreased in acetone and boiled in a solution containing sodium 
carbonate, 40 g./l.; sodium hydroxide, 13 g./l.; and sodium cyanide, 13 g./]. After 
boiling in distilled water it is rinsed in warm 5% acetic acid and then boiled a few 
more times in distilled water. 

(2) After degreasing, the nickel is etched in warm 20% nitric acid until a mouse- 
gray matte surface is obtained. ‘This is followed by a distilled water rinse, and then 
the nickel is boiled in 50% acetic acid for 5 minutes. The cathodes are then boiled in 
several fresh changes of distilled water. 

(8) If a polished surface is desired, the nickel is clectropolished in a 50-75% solu- 
tion of sulfuric acid. A nickel or steel cathode may be used and the work is connected 
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as the anode. The current density used is high enough to cause vigorous gassing at 
the anode. Care must he taken to keep the solution cool or it will tend to etch the 
work instead of polish it. The parts are rinsed thoroughly and boiled in distilled 
water as in the preceding two processes, 

Alter cleaning, the nickel cathodes are fired in a hydrogen atmosphere at about 
800°C. for 5-10 minutes before coating with the emission coating. In some cases the 
cathodes are fired in a vacuum in addition to or instead of the hydrogen firing. 

Tungsten. Tungsten may be cleaned in a 20% solution of sodium or potassium 
hydroxide by boiling it in this solution for 5-10 minutes, If the tungsten is heavily 
oxidized, it may be cleaned by electrolyzing it in this solution, using an alternating 
eurrent at a potential between 10 and 20 volts and a carbon electrode. If a polished 
surface is desired, the tungsten is electrolyzed in a solution containing 10% sedium 
nitrite and 10% sodium hydroxide in water. 

Molybdenum. Molybdenum may be cleaned in the same way as tungsten, except 
that after electrolyzing it is treated with warm 50% hydrochloric acid. It may also 
be cleaned in nitric or sulfochromic acid solutions if the oxide is not heavy. If an 
etched surface is desired, the molybdenum is dipped in a solution containing 40% 
nitric acid, 40% sulfuric acid, and 20% water for a few seconds. The reaction is 
rapid and care must be exercised to keep too much metal from dissolving. 

The above discussion covers some of the cleaning procedures for the common met- 
als used in the vacuum tube industry. Among other materials which have to be 
cleaned are silver brazing alloys and copper-guld brazing alloys (sce Solders), which are 
usually cleaned by rinsing in a 10% solution of sodium cyanide, and glass, which is 
cleaned in a detergent solution and/or a chromic acid glass-cleaning solution. When 
special cleaning problems arise, the parts are cleaned in the appropriate solution or 
solvent. Thuxes on brazed or soldered parts, for instance, may be removed by either 
hot or boiling water or by degreasing agents, depending on the type of flux used. 
Sometimes it may even be necessary to serub parts with a wire brush or steel wool. 

Electroplating (q.v.) is used in the electronics industry not as a means of applying a 
decorative coating, but for the following purposes: (7) to aid in brazing operations; 
(2) to supply a protective surface against destructive atmospheres; (3) to apply a 
highly conductive material like copper, silver, or gold to a metal such as steel for elec- 
trical purposes in high-frequency tubes such as klystrons and magnetrons. 

Information on types and composition of baths and special procedures may read- 
ily be found in the Metal Finishing Gutdebook-Directory (5). In the vacuum tube 
industry the metals most used for electroplating are copper, nickel, silver, and gold. 

The cleaning processes and the preparation of metal surfaces before plating are 
very important if proper adhesion and a good plate are to be obtained. It is also 
important to rinse the parts thoroughly and dry as soon as possible after plating to 
prevent them from staining. A typical cycle for plating operations after the parts 
have been chemically cleaned is: (/) electrocleaning in an alkaline cleaner; (2) rins- 
ing in hot water; (8) pickling in 5% sulfuric or hydrochloric acid; (4) in plating nickel 
the part may be placed directly into the nickel strike bath for a strike and then into the 
plating bath for plating. In plating copper, silver, or gold in cyanide baths the parts 
are thoroughly rinsed and then immersed in a 5-10% sodium cyanide solution for about 
15 seconds, after which they are placed in the strike bath and then the plating bath. 
(6) After plating, the parts are rinsed thoroughly and dried. 

Parts that go into the vacuum envelope or undergo brazing operations are usually 
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outgassed by hydrogen firing before and aftcr electroplating to prevent occluded gases 
from blistering the plate during these operations. Stainless steel parts that are to 
undergo brazing operations are plated with nickel to prevent the chromium in the 
steel from oxidizing at the surface during the brazing. 

Another important operation that may be considered part of the chemical proc- 
essing operations is the coating of cathodes and heaters. After the cathodes have 
been cleaned as described previously, they must be coated to the proper thickness and 
density with the emitter coating. This operation must be carefully controlled to 
prevent contamination by foreign materials and to obtain uniform results at all times. 
The coating may be applied by spraying, as is usually done with indirectly heated and 
especially shaped cathodes, by cataphoresis in the case of filamentary-type cathodes, 
or by drag “process,” which consists in pulling the filament wire through the cathode 
coating suspension until the desired thickness is obtained. 

In coating filaments or heaters by cataphoresis (see Hlectrophoretic deposition, 
Vol. 5, p. 608) the carbonates are suspended in a liquid medium containing a binder. 
The choice of liquid and binder varies among the electronic companies, some preferring 
inorganic solutions of high conductivity, others preferring organic solutions of low 
conductivity. In either ease the carbonate particles become positively or negatively 
charged, depending upon the solution used. The coating process itself is analogous to 
electroplating excepl that we are dealing with charged suspended particles instead of 
ions. If the carbonates are positively charged, the cathode or filament is held in the 
suspension ancl a negative potential is applied to it. The carbonates are attracted to 
the filament, the thickness of the coating depending upon magnitude and duration of 
the applied voltage. After removal from the suspension the binder holds the closely 
packed coating on the filament. 

Tungsten heaters are coated with a layer of aluminum oxide after cleaning usually 
either by spraying or by cataphoresis. After the aluminum oxide has been applied, it 
must be sintered onto the tungsten by firing the coated heater in a hydrogen atmos- 
phere at 1600-1650°C. 

After the component parts have been chemically cleaned, it is important that they 
not be handled without clean, lmt-free gloves, finger cots, or tweezers when they go to 
the assembly line in the plant. Here they are put together with very close tolerances 
into assemblies and sub-assemblies. Smaller parts are usually put together by spot- 
welding, while the larger parts, particularly components of metal tubes, are brazed 
together, 


BRAZING 


Among the methods of brazing employed are furnace brazing, bottle brazing, 
induction brazing, and resistance brazing, all of which are done in a controlled atmos- 
phere. 

Furnace Brazing. The main points to be considered in furnace brazing are the 
design of joints, tolerance of fits, placement of the brazing material, and jigs or fixtures 
to hold the parts together during brazing. If the time and temperature cycles are 
correct, there is no reason why a clean, brazed, vacuum-tight joint cannot be obtained. 
A hydrogen atmosphere is used in furnace brazing to provide a reducing atmosphere 
that will keep the parts clean and bright during the brazing operation. 

There are two requirements of a brazing alloy or solder that must he satisfed: 
(7) the solder must contain no ingredients that will vaporize (this means that solders 
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that contain lead, zine, or cadmium cannot be used); (2} the solder must have a flow 
point at least 100°C. helow the melting point of the metal or below the melting point. 
of a solder used previously to jom other parts of the same assembly together. 

Botile Brazing. This method is similar in principle fo furnace brazing except 
that it may be used to apply localized heating to desired parts of the work. 

Figure 2 gives a rough diagram of the type of set-up used in this operation. 
Hydrogen enters through a flow gage and metal tube to the top of the bell jar. A 
tungsten or molybdenum work coil is placed around the part of the work being brazed 
after the work has been mounted on a suitable platferm about halfway up ina the jar. 
Copper leads of suitable size connect the work coil to a yariable voltage supply. 







Pyrex bell jar 


Counterweight 


Ceramic platform 











To power supply 
ne 


Fig. 2. Typical bottle brazing set-up. 


After the jar has been completely filled with hydrogen (and all the air displaced), 
the current is turned on and the voltage raised slowly to the point where the work coil 
radiates enough heat to cause the solder to flow. When this point has been observed, 
the power is shut off and the work allowed £0 cool down enough so that it will not oxi- 
dize when exposed to air. 

Induction Brazing. The set-ip for induction heating is the same as in Figure 2 
for bottle brazing except that the work coil consists of water-cooled copper tubing 
which is connected by water-cooled cables to a radio-frequency oscillator. The work 
coil should be as close to the work as possible without touching it to obtain maximum 
energy transfer. In this method it is the radio-frequency energy which with the proper 
coupling will induce enough heat in the work to melt the brazing material. 

Vacuum firing or brazing is also realized by induction heating. TVigure 3 shows a 
typical vacuum firing brazing set-up. The method is the same as above, the main 
differences heing that the work ts in & vacuum chamber and the work coil is outside 
the bell jar. 

Resistance Brazing. Yn this method of brazing the work is placed between two 
graphite pieces which are machined to fit. the work on both sides. A low-voltage 
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supply is used to pass a high current through the work to heat it to the brazing tem- 
perature. This method has special applications but is not used too extensively, 

Metal-Ceramic Brazing. In recent. years the use of ceramic materials in vacuum 
tube construction has been on the increase, and therefore various methods have been 
devised to braze ceramics to metals. Among the most important of these are the 
following. 

Titantum Hydride or Zirconium Hydride Process. The ceramic is coated with the 
hydride and assembled with the metal part to which it is to be brazed with the brazing 
material. The assembly is then heated in a vacuum or inert atmosphere to the tem- 
perature where the brazing material decomposes and melts. The hydrogen evolved 
by the hydride is pulled out by the vactuum pumps. 


Bell jar 






Induction coll 


Ceramic support 


Fig. 3. Typical vacuum brazing set-up- 


active Afetal Alloy Process. An active metal like titanium or zirconium may be 
alloyed with silver or a silver-copper solder to form a brazing material that will make 
a good seal between metal and ceramics. 

Metal-Glass Seals. Meta!-to-glass seals that are vacuum-tight have been in use 
from the early days of vacuum tube manufacture. The important consideration here 
is to have a good match between the thermal expansion characteristics of the glass and 
the metal. The most commonly used metals in making metal-glass seals are copper, 
tungsten, Kovar, and Sylvania No. + alloy (42% Ni, 6% Cr, 0.29% Mn, 0.049C, 
012% Si, balance Fe). 

The glassing process must be controlled carefully if a vacuum-tight seal is to he 
obtained. The seal depends upon a good bond between the glass and the metal oxide 
layer between the glass and the metal. Usually, after cleaning, the metal is oxidized 
under controlled conditions to obtain an oxide that is adherent and of uniform thick- 
ness. If the part being made is a stem, the usual procedure is to place the oxidized 
metal parts and ground glass in a graphite mold and place this in an oven with a nitro- 
gen atmosphere at 1050-1100°C. Other metal-glass parts are joined together on a 
glass lathe or in an induction brazing set-up which heats the metal to the point where 
the glass in contact with it melts and adheres to the metal. After the seal has been 
made, the part is annealed by heating to about 450°C. in an annealing oven and allow- 
ing it to cool slowly to room temperature. 
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TUBE PROCESSING 

After all the vacuum tube components have been assembled inside the vacuum 
cuvelope, whether it be glass or metal, there are other processes which must be carried 
out before the tube can be considered completed. 

The first. process usually carried out at this stage is called bukeout. The tube is 
sealed onto the manifold of a vacuum system which is capable of pumping down the 
tube to the order of 10-7 mm. of mercury. After the tube has been pumped down to 
10- mim. of mercury, the oven is heated to a temperature of about 450°C, When the 
oven is first heated, an increase in pressure as measured by the ion gage occurs because 
of the water vapor and gases being given off by the tube parts and the vacuum en- 
velope. The bakeout continues until the pressure again drops to 107-8 mm. or less, 
at which time the oven is turned off and the tube allowed to cool down slowly in the 
oven. On cooling the pressure in the system will continue to drop and should 
reach approximately 10-7 mm. by the time the temperature of the oven has reached 
100°C. 

The next, step in the processing is bombardment, during which the desired elements 
in the tube are heated ta about 800°C. under vacuum to drive off any gas that, may 
still be contained in them. This heating is usually carried out by induction heating, 
sometimes by electron bombardment. Electron bombardment is less severe and is 
limited to areas which can be heated by electron emission. In tubes using oxtde- 
coated cathodes, pressure must be kept low to prevent bombardment of the cathode 
itself. 

After bombardment by induction heating, the cathode is activated, the method 
depending upon the type cathode being used. In the activation of thoriated tungsten 
the filament is heated to 2100-2200°C. for 10-30 seconds, after which it is lowered to 
the normal operating point of about 1700°C. The filament is then carburized by 
injecting 4 sufficient amount of a hydrocarbon gas into the system. The temperature 
is raised to about 1900°C. for 1~2 minutes and the gas is then pumped out. 

In the activation of oxide-coated cathodes the control of cathode temperature is 
very important. In case the cathode is visible, an optical pyrometer may be used to 
determine the temperature; otherwise cathode temperature must previously be deter- 
mined as a function of power input to the filament. The activation is carried out in 
two steps. 

(1) Removal of binder. The filament current is raised slowly until the cathode is 
at about G00°C., which is just below red heat. This temperature is maintained, while 
keeping the pressure below 10~5 mm., until the binder hasbeen removed. The binder 
is usually a nitrocellulose lacquer, and during this process it is burned off mainly as 
carbon dioxide and carbon monoxide, 

(2) Decomposition of carbonates to oxides. While the pressure is held below 10-4 
mm., the filament current is raised slowly until the surface of the cathode reaches a 
temperature of about 1000°C, At this temperature the carbonates break down to the 
oxides with a rapid increase in evolution of carbon dioxide gas. To insure complete 
breakdown the cathode temperature may be raised to about 1100°C. for very short 
periods of time. Once this point has been reached, a decrease in pressure will occur 
when the temperature is dropped to the normal] operating range of 800-900°C. <A d.c. 
voltage may then be applied to the anode and a small amount of current drawn until 
the pressure drops to about 10-7 mm, 

Another method of activating the cathode after the removal of the binder is to 
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‘aise the cathode temperature quickly to 1000°C. for one to two minutes, during which 
time the pressure should rise to peak and then begin to fall. The faster the activation 
can he aceomplished, the greater the chances of getting a good emitter, 

After activation of the cathode residual gases are cleaned out by electron bom- 
bardment (cleseribed above} and the tube is gottered just before sealing or tipping-off. 

Gettering. The gettering process may be described as a chemical clean-wp process 
which makes use of certain chemically active metals to remove residual gases in a 
vacuum system. ‘These metals are known as getters ancl either have the ability to 
combine chemically with the residual gases in the tube or to absorb these gases without 
x chemical reaction taking place. Although it is possible to obtain pressures suffi- 
ciently low for the operation of vacuum tubes without using getters, the gettering proc- 
ess permits 2 reduction in the time required for exhausting the tube and also maintains 
the degree of vacuum in the sealed-off tube at the level necessary for efficient operation 
and long life. 

The mechanism by which gases are cleaned up by a getter is quite complex. Jn 
some eases, such as with barium, the getter reacts chemically with the residual oxygen, 
hydrogen, nitrogen, and other gases as a result of collision between the barium atoms 
and the gas molecules when the barium is evaporated, and by adsorption and diffusion 
of the gas molecules into the metal deposited after the getter has been evaporated or 
flashed. The first case, in which clean-up takes place while the getter is heing flashed, 
is called dispersal gettering; the second case, in which the previously flashed getter acts 
to clean up residual gases, is known as contact geltering. 

Getters fall into two general classifications: flash getters and bulk getters. 
Flash getters are volatilized in the tube in the course of its manufacture. They havea 
dispersal gettering action and usually also some contact gettering action. Bulk 
getters are heated, but not volatilized, and they act by contact getitering only. 

Flash Getters. Bartwn will react with or adsorb all but the inert gases, argon, 
xenon, helium, neon, and krypton. One of its advantages is that it will continue to 
adsorb gases after evaporation is completed and even after the vacuum fube has been 
tipped off for several days. In flash getters using barium, the barium is generally 
combined with aluminum, magnesium, tantalum, thorium, strontium, or calcium. 
Barium or barium compounds are available in metal-clad wire or pellets and after 
outgassing at 600~-700°C. the getter is flashed at 900-1800°C, The getter is usually 
flashed either by induction heating or by passing enough current through if to heat it to 
the required temperature. 

Caletum veacts in very much the same way that barium does. 

Batalum is a mixture of barium and strontium carbonates coated on a tantalum 
wire, At 800-1100°C. the carhonates break down to the oxides which react at 1200°C., 
to form metallic barium, 

Barium. beryllate, BaBeQs, is applied as a coating on tantalum wire, and has the 
same properties as Batalum except that it yields 40° more free barium. 

Aluminum-magnesium alloy is applied as a powder painted on electrodes. It is 
outgassed at 400°C. and flashed between 850 and 1000°C. It absorbs gas only during 
the flashing, and it is used only in low-temperature applications (about 150-200°C). 

Magnesium is available in the form of ribbon wire which has an outgassing tem- 
perature of 400°C. and a flashing temperature of 500-800°C. It will absorb only 
oxygen, nitrogen, and carbon dioxide in any appreciable amounts and is used only in 
low-temperature applications. 


VACUUM TUBES 549 


Bulk Getters, These materials generally do not react chemically with all the resid- 
ual gases during gettering but have the property of being able to absorb some gases 
very rapidly. They come in the form of sheets, wire, or deposited powders and some- 
times are used in the fabrication of electrodes in the tube. They are heated externally 
or are mounted ou electrodes which are normally heated during the operation of the 
tube. Some of these are as follows: 

Tantalum is used extensively in the construction of electrodes and is also available 
in sheet, wire, or powder form. It is degassed in high vacuum at 1600-2000°C. and 
has an optimum gettering temperature of about 1000°C. Tantalum will absorb 700 
times its own volume of hydrogen and large amounts of oxygen and nitrogen. 

Tungsten is available in the same forms as tantalum and will absorb oxygen and 
also some nitrogen and carhon monoxide at 1000°C, 

Zircontum is available in sheets, wires, and powder, and, although it may be used 
in the canstraction of elements, it is rather expensive, Tt outgasses wt 1000-1700°C, 
and has an optimum gettering temperature for hydrageu below 400°C. and for other 
gases between 800 and 1600°C. It is usually applied as a fine powder on anodes of 
transmitting tubes and heated to the required temperature by electron bombardment 
from the emitting filament. In some eases, zirconium hydride (see Zircontum. com- 
pounds) is applied to the anode as a fine powder. The zircontum hydride is decom- 
posed by heating in a vacuum so that a liyer of zirconium is left on the surface of the 
anode to act as a getter. 

Other materials which may be used are niobium, thorium applied as a powder on 
metal or graphite electrodes, and thorium alloys. 


FINISHING OPERATIONS 

After getteriug, the tube is sealed off and removed from the vacuum pumping 
system. For all practical purposes the vacuum tube is completed at this point; all 
that remains is the application of the finishing touches. For tubes with a glass en- 
velope the only remaining step, aside from testing, is the basing operation. This is 
the application of a metal or plastic cap placed over the base of the tube to protect 
the seal-off tip and the eleetrical leads coming through the glass. Adhesion of the 
base to the tube is accomplished by using a resin-type basing cement which is heated 
enough to provide the initial setting. The tube is then stamped as to type designation 
and is ready for shipping. 

For tubes with a metal envelope, the tube must be chemically cleaned of all oxides 
formed during the bakeout aud further processing. Itis then based, painted, stamped, 
and shipped, provided it has passed all electrical tests. 
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VALENCE 


Today, as in the past, the term valence (or valency) has a number of different meanings. 
Classically it was usually regarded simply as a numerical term relating the different 
combining powers of the various elements, frequently expressed in terms of the number 
of hydrogen atoms that could combine with (or replace) one atom of the element in 
question (hydrogen being chosen as a reference standard since it consistently displayed 
a“unit” combining capacity). While this mcaning is still in use, the modern tendency 
is to consider the way in which the individual atoms combine in a compound, that is, to 
cousider the type of bond involved and, utilizing the concepts of the electronic theory 
of valence, to consider separately ionic valence, covalence, and coordinate valence 
(whichever type is applicable). Sinee these terms are uniquely defined, their use will 
cause less confusion than when the term valence itself is employed. Broadly speaking, 
the subject matter that taday ean properly be ineluded in a discussion of valence will 
involve the whole theoretical problem of atom combination and hond formation. 

Aceording to present-day standards, a satisfactory theory of valence must be a 
very comprehensive one. It must explain why atoms combine at all (and why a few 
do not), and why the individual compounds contain definite numbers of atoms and 
only those numbers. The interatomic distances and the forces between atoms should 
be capable of being caleulated theoretically, although mathematical difficulties very 
frequently make only approximate solutions possible. It must explain the nature of 
ionic and covalent compounds as well as those of an “intermediate” character, It 
must enable one to understand such concepts as free radicals, aromatic character, the 
hydrogen bond, and so forth. Finally, it should shed light on the spatial or geometric 
aspects of molecules, that is, why certain molecules possess a planar arrangement of 
atoms, others tetrahedral, octahedral, ete. Modern electronic theory, with the aid 
of quantum mechanics, has proved to be capable of supplying satisfactory answers to 
mauy of these questions. 

However, let us first consider the more classical meaning of valence and its usage. 
If an atom of a particular element is found never to combine with more than one atom 
of other elements, it is said to be univalent. Thus hydrogen is univalent since it 
forms compounds such as HX, H2X, HsX,..., H,X, but never HXs, HXs,..., HX,. 
From this it follows that any other element that combines with only one atom of hydro- 
gen. is also univalent, for example, chlorine in HCl. The terms bivalent, trivalent, 
tetravalent, and so forth, are used when one atom of the element combines with two, 
three, or four atoms of a univalent element. 

Biuce chlorine is univalent in HCl, it is reasonable to suppose that it would be 
univalent in many other compounds and, therefore, that it could be used as a secondary 
reference for the determination of the valences of the other elements. Thus sodium in 
NaCl, and phosphorus in PCl;, for example, would be assumed to be univalent and 
trivalent, respectively, While this assumption of a constant valence is a very valuable 
one, it is, of course, not always applicable. While fuorine is always univalent, this is 
not universally true for the other halogens, as in ClO, KBrOs, and NaIO,. The alkali 
metals, however, are always univalent. Some of the rare earth elements, for example 
lanthanum and gadolinium, are consistently trivalent in their compounds, whereas 
others are capable of exhibiting different, valence states, although much less veadily 
(see Rare carth metals). Although carbon is tetravalent in the great majority of its 
compounds, there are a few exceptions, as in CO, RNC, and MONG (the fulminates), 
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In general, it can be stated that while a few clements always exhibit a constant valence 
and a few very nearly always, the majority commonly display a variable valence. 
Nevertheless, since many of the elements in the latter class usually exhibit only a 
limited number of different valences, there is normally little difficulty in deciding 
which is operative in a particular compound. As a matter of fact, it was the assump- 
tion of constant valence (or valences) that really formed the basis for the rapid de- 
velopment of the structural theory in chemistry. 

The actual determination of the valence of an element in a compound recyuires a 
knowledge of its molecular formula, obtained from its percentage composition and mo- 
lecular weight. However, the information contained in a molecular formula frecuently 
isnot sufficient. Thus, while oxygen is obviously bivalent in HO, it might appear to be 
wnivalent in HzO, since there is only one hydrogen atom for each oxygen atom. Never- 
theless, a satisfactory structural formula van be written with the assumption that oxy- 
gen. remains bivalent in the compound, namely H--O—O—H. Classically, each 
“line” or “hond” in a formula such as this was simply a pictorial representation of unit 
combining power or valence, as no physical significance could be attached to it. 

Difficulties arose in establishing certain structural formulas. For example, on 
ussigning the most probable structure for acetylene, CuH., not all of the valences of 
each of the carbon atoms appeared to be satisfied. It wus therefore postulated that 
these “left-over” valences could mutually satisfy each other to give H--C=C—H, 
Today we know that the structural formula which was assigned is the correct one, and 
that earbon is tetravalent in the compound. Nevertheless, in Kekulé’s time there 
was no more “proof” for the structure just given (in regard to the arrangement of 
bonds) than for structure (I). If acetylene could definitely be considered as ethane 
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minus the four central hydrogen atoms, formula (1) could equatly well “represent”? (he 
molecule, the unsaturated valences simply remaining ‘free.’ The other formula, 
involving the new concept of a multiple bond, was adopted because it preserved the 
tetravalence of carbon, although considering the large number of organic compounds 
in which carbon was unquestionably tetravalent, it was not altogether an unreasonable 
assumption. The classical concept of valence was extended by the adoption of this 
formula for acetylene. The valence of an atom in a compound could now be defined 
in terms of the number of attached bonds, rather than the number of attached atoms. 
Thus, nitrogen could be assumed to be trivalent in Ne since NS=N could be proposed as 
a reasonable structure. 

At the present time, when we speak of valence in electronic terms, the emphasis is 
almost entirely on the bonds linking the atoms rather than on the number of atoms, 
although, of course, the number of electrons involved will in part be dependent upon 
the number of atoms. Structural formulas are now written (either directly or by 
implieation) so as to represent actual electronic structures. Since each of the classical 
bonds in acetylene is known to represent a shared pair of clectrous, and since cach 
carbon atom is sharing four pairs, we would state that each carbon is displaying a 
eovalence of four, On the other hand, when the bond is elcetrovalent, or tonic, the term 
valence refers to the number of electrons that have been transferred from one atom to 
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another. Thus sudium in NaCl is said to have an ionic valence of 1, or +1 (since it is 
positively charged), while chlorine has an ionic valence of ~ 1. 

Even today, the exact electronic structures of some compounds have not been 
conclusively established, for example, the boron hydrides, which do not appear to 
follow the ordinary valence rules. Furthermore, there are some compounds of 
known structure that possess abnormal “arrangements” of electrons, that is, abnormal 
in regard to the number of electrons involved in bonding, their spatial distribution, 
or their spins, ‘Thus it is not always possible to utilize the relatively simple concepts 
of the electronic theory of valence and to state the covalences or electrovalences of the 
atoms involved. Tor example, spectroscopic evidence appears definitely to exclude 
the elassical bivalent formula for oxygen (11), which would also seem to be a reasonable 
structure in the Lewis theory (see p. 556), stuce by sharing two pairs of electrons both 
atoms could attain the stable octet configurations.  Beeause of its paremagnetism the 
diradical structure (ITT) has been proposed (the single electrons remaining unpaired 
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and possessing parallel spins). Other structures involving three-clectron bonds have 
also been considered for the oxygen molecule (ref. 15, p. 273), while the molecular 
orbital theory (see p. 568) describes its unusual properties in terms of one-electron 
a bonds (ref. 5, p. 18; ref. 3, p. 100). 

Another unusual compound whose bonding stands in marked contrast to that pres- 
ent in the normal two-electron covalent bond is the hydrogen molecule-ion, H3, 
characterized by the presence of a single one-electron bond. Although this molecule 
is only found spectroscopically (presumably because of its great tendency to attract 
another electron), it nevertheless possesses an appreciable bond energy. As will be 
discussed under “Quantum Theory of Valence,” the “simplicity” of the molecule 
makes it of particular interest from the staudpoint of quantum mechanics, os it eu- 
ables very accurate calculations to be carried out, 

While such compounds are of great interest, theoretically, i should be emphasized 
that they are so exceptional in their structure and behavior that they do not thereby 
invalidate all of the normal valence rules established for the large majority of eum- 
pounds. Similarly, it cannot be expected that these rules are obeyed under extreme 
conditions. For example, free radicals (possessing unsaturated valeices) can be gen- 
erated from a large number of compounds under certain conditions, such as high tem- 
perature. However, their intense reactivity and short lives should be proof enough 
of their abnormal eleetronic structure. See also Radicals. 

Other compounds having unusual features [rom the point of view of valence 
include intermetallic compounds (see Vol. 1, p. 559), the carbonyls (see Vol. 3, p. 
202), some carbides (¢.2.), nitrides (g.v.), and borides, and certain coordination com- 
pounds (see Vol. 4, p. 721). 

Since we will be concerned with the fundamental nature of the chemical bond 
throughout this article, a formal definition should be given, Adopting the one given 
by Pauling, a chemical bond can be said to exist between two or more atoms when the 
forces acting between them are of sufficient strength to enable the group of atoms to 
act as an independent, and relatively stable aggregate (ref. 15, p. 3). Such a bond 
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may be ionic in character, as exemplified by sodium chloride, or covalent (nonionic) 
as in the hydrogen muleeule, It may also possess properties that. are “intermediate” 
in natire. Thus the carbon-fluorine bond, which is strongly polar, can be considered 
to be ‘fin between” an ionie and covalent extreme, while the carbou-carbon bond in 
benzene has properties (such as bond length and chemical reactivity) that are in be- 
tween those of a single and double bond. Other types of bonds will include the hydro- 
gen bond and the metallic bond, as well as the rarer one- and three-electron bonds. 

The interatomic, or valence, forces that result. in the combination of atoms, form- 
ing stable (or relatively stable) compounds, should be carefully distinguished fram the 
forces that cause the molecules themselves to be attracted to one another. These 
intermolecular forees will also include the attraction between the monatomic mole- 
cules” of the rare gases, for example, since such atoms do uot even combine with them- 
selves. Such forces are responsible for the fact that all known gases can be liquefied, 
and they are represented by the constant ain van der Waals’ equation (see Gases and 
vapors). At the present time they are frequently referred to as dispersion forces, 
first. satisfactorily accounted for mathematically by London. Although they are 
much weaker than valence forees, they are exerted by all molecules, and they result 
either from molecules possessing permanent dipoles or, for exanyple, in the hydrogen 
malecule, from possessing “momentary” or “instantaneous” dipales. The existence 
of the latter in the hydrogen molecule is due to the fact that the electrons are in con- 
staut motion about the two positive nuclei, so that ut any particular instant the cen- 
ters of positive and negative electricity in the molecule do not coincide. The mo- 
meutary dipole of an muividual molecule induces momentary dipoles of opposite sign 
in neighboring molecules, and this results in an overall attraction between them. 

The distinction between valence forces and intermolecular forces is not always 
completely clear cut, and it is sometimes difficult to prove definitely that a chemical 
hand exists hetween certain atoms or groups. In additiou, tn certain cases where 
bonding appears probable, it is not always possible ta state exactly what kind of hond 
is involved. Examples of such borderline cases would inelude certain ions that are 
strongly hydrated in solution; the water (alcohol, ete.) of crystallization of certain 
substances; addition compounds such as naphthalene picrate; and aromatic a-houd 


complexes (for further discussion see ref. 7, pp. 4-64 and ref, 29, pp. 7-71). 


Classical Valence Theory 


The Dualistic Theory. Davy, in 1807, a8 a result of researches on chemical 
decomposition by electricity, postulated that ehemical combination might be the 
result of the attraction of oppositely charged particles. Berzelius developed this con- 
cept into a full-fledged theory, which he first proposed in 1812. Berzelius assigned to 
every atom a positive and negative pole, although an atom such as chlorine was as- 
sumed to possess an excess of negative electricity, while others like the alkali metals 

‘were assumed to have an excess of positive electricity. Tn order to account for the more 
complicated compounds that could be formed from the combination of simpler sub- 
stances, he assumed that chemical combination was a partial mutual neutralization. 
The dualistic theory was overthrown as a universal theory of combination largely 
because of its inability to account for the nature of organic compounds, Dumas, in 
his theory of substitution (1839), showed that chlorine could replace atom after atom 
of hydrogen in a given organic compound withont markedly affecting its properties. 


554 VALENCE 


This was entirely contradictory to the concepts of the dualistic theory, for it meant. 
that an eleetronegative element (chlorine) could, in effect, take the place of an electro- 
positive element (hydrogen). 

Valence as a Number. Frankland in 1852 put forward the idea that the atoms 
of each. element had a definite and unique combining power, which determined the 
number of atoms of another clement which could combine with it, and which he called 
its “atomicity.” The term quantivalence was introcuced by Hofmann in 1865, and 
this was later shortened to valence (from the German, Valenz) by Wichelhaus in 1868. 
Frankland originally thought that the valence of an element was always constant, 
but later that cach type of atom had a fixed maximum combining power although all 
of it was not always used. 

The Structural Concept. TXekulé and Couper independently in 1858 postulated 
the tetravalence of carbon and the mutual linking of carbon atoms. At about the 
same time, Butlerov emphasized the importance of a single formula to represent a 
compound (since up to this time different formulas [or the same compound were used 
to express different reactions), while Canniazaro corrected many erroneous atomic 
weights (for example, O = 8) and thereby played a vital role in the development of 
correct molecular and structural formulas. I<ekulé proposed his “static” formula for 
benzene in 1806 and six years later his“ dynamic” formula. 

The Tetrahedral Concept. Shortly after Mendeleev had clearly established the 
periodicity of yalence and many other properties of the elements, Van’t Hof and 
Le Bel in 1874 considered the stereochemical or spatial aspects of organic molecules, 
and Van’t Hoff, in particular, emphasized the tetrahedral distribution of the valence 
bonds ahout the carbon atom. Baeyer, in his strain theory, postulated in 1885 that 
any deviation of the directed valences from the tetrahedral angle in a1 compound 
should result in a condition of strain. Fis conclusions concerning the lower cyclo- 
alkanes, namely that cyclopropane should exhibit the most strain and cyclopentane 
the least, ave still valid today (vith reinterpretation), but those concerning the higher 
cycloalkanes are not, since they ave now known to exist in puckered and (relatively) 
strainless configurations (see Vol. 12, p. 855), 

Coordination Theory. Following the electrolytic dissociation theory of Arrhenius, 
which emphasized the marked differences in the properties of salts, or electrolytes, 
and the majority of organic compounds, Werner in 1892 proposed his coordination 
theory of complex compounds (see Coordination compounds, and Stereochemistry 
(inorganic), Vol. 12, p. 880). Werner postulated that the classical theory of valence 
was inadequate for the formulation of certain types of ‘molecular’ compounds such 
as CoCl;.GNHs, and the type of structure he proposed was [Co(NH;).]*+3Cl7~. He 
assumed that certain atoms (for example, Co) were capable of combining with other 
groups or ions by means of “subsidiary” or “nonionizable” valences after their “pri- 
mary” or “ionizable” valences were satisfied, the subsidiary valences being responsible 
for the formatian of the complex ion. The number of groups attached to the central 
metallic atom (four or six being the most common) he ealled the coordination number. 
In regard to the structural relationships in such compounds, Werner’s concepts are 
valid today, although his ideas concerning the nature of the valence forces involved 
in coordination were incorrect (see p, 562), 

Theory of Partial Valence. To account for the properties of a carbon-to-carbon 
double bond, Thiele postulated in 1899 that the two bonds were not identical and 
that the second bond did not utilize as much “affinity” as the first, so that a certain 
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amount of affinity or “partial valence” would be left over. He explained 1,4-addition 
in butadiene by first assumtug that stuee each of the four carbon atoms was conneeted 
to a double hond, each should possess a partial valence as shown by ([Va). However, 
since two carbon atoms joined by a single bond are normally capable (by suitable 
reactions) of being linked by a second bond, it appeared unlikely that the two free 
partial valences in the center of (IVa) would remain free bué would mutually saturate 


H.C=CH—CH=CH, —--——* H,C=CH—CH=CH 
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cach other (he termed this cunjugation) to give (IVb). Bromine could then acd to 
the 1,4-positions to grve CH.Br—CH==CH—CH2Br, after redistribution of the val- 
ences, 

To explain the saturated nature of benzene and the nonexistence of 1,2-clisub- 
stitution isomerism, Thiele assumed that the original ‘static’ Kekulé formula was 
correct, which he portrayed as in (Va), The partial valences were then assumecl to 
mutually saturate each other about the single bonds to give (Vb). Thiele believed 
that as a result of the complete neutralization of the partial valences, no distinction 
could be made between the three original double bonds and the three conjugated 
double bonds and that, mn effect, benzene contained six “inactive” double bonds. 
His alternative formula for henzene was therefore written as in (Ve), later frequently 
drawn asin (Vd), There is an interesting resemblance (though purely formal) between 
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Thiele’s theory and the molecular orbital concept of the double bond and its appliea- 
tion to the benzene problem (see p. 580). 


The Electronic Theory of Valence 


It will be evident from the previous section that there was a need for a single 
theory that would unify the numerous facts and hypotheses of both inorganic and or- 
ganic chemistry. This was not possible, of course, until the fundamental nature of 
matter was understood. The period from approximately 1895 lo 1915 was an extra- 
ordinary one. A series of remarkable discoveries in physics, accompanied by even 
more remarkable theories, followed one another in rapid suecession, many of which had 
a profound effect on theoretical chemistry. Only an outline of these developments 
can be given here (see also Atoms and atomic structure; Isotopes; Nueleonics; Radio- 
active elements, natural). 


Atomic Theory (1895-1915). The modern era in atomic theory began just before the turn of the 
century with three important events: the discovery of x-rays ly Rontgen in 1895 and, within the next 
two years, the discovery of radioactivity by Becquerel and of the electron by Thomson. Planck 
proposed his revolutionary quantum theory in 1900, postulating that the interchanges of energy 
between electromagnetic radiation and matter occurred in a discontinuous manner. In 1902, Ruther- 
ford and Soddy put forward the disintegration theory of radioactivity, Tinstein published his paper 
on the special theory of relativity in 1905, and an important part of this theory was the concept that 
matter and energy were interchangeable. In the same year, he proposed the law of photoelectricity, 
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hased on Lenard's experimental work, in which he postulated that electromagnetic radiation eould 
exhibit both parGele-like and wave-like characteristics, As will be described Tater Geee p. 664), 
approximately twenty years later matter itself was discovered to have a dual nature, Certain tadio- 
active clements had been found to possess identical physical and chemical properties and, when mixecl, 
to be inseparable. Soddy in 1910 suggested that the nonradioactive elements might also represent. 
mixtures of chemically inseparable substances, which he called isotopes, and three years later Thom- 
son proved the existence of the isotopes of neon by positive-ray analysis. 

In 1911 Rutherford postulated that the atom consisted of 8 minute, positively charged nucleus 
about which revolved » number of electrons sufficient to make if electrically neutral. Moseley, con- 
tinuing the eurly work on secondary x-ray emission by Barkla, showed in 1918 that when the elements 
are arranged in a consecutively numbered series, the square root of the frecuuency of a definite spectral 
line increases linearly with the number of that element-—the so-ctlled afomte number. Beenuse 
of the mathematical exactness of the law, it appeared that the atomic-number series was of greater 
significance than the atomic-weight series. It therefore seemed reasonable that Van den Broek’s 
previous suggestion that successive elements differed by one unit in their positive nuclear charge and, 
therefore, by one external electron, was correct, although conclusive proof was not established until 
later, From a knowledge of the properties of isotopes and the radioactive elements, if was assumed 
that the nuclei of aloms above hydrogen contained electrons as well as protons. It was not until 
alter the discovery of the neutron in 1032 that this was shown to be incorrect. However, sinee the 
chemical properties of an atom are almost entirely dependent upon the external electrons surrounding 
the nucleus (and usually only the outermost electrons), this discovery had little effect upon the clec- 
tronie theory uf valence. 


Kogsel and Lewis Valence Theory. While it had been realized hy Thomson, 
Abegg, Drude, and others, that there was an intimate connection hetween the clectrons 
and the valence of an element, the first satisfactory electronic theory was proposed 
ly Kossel and Lewis, independently, in 1916. Both authors emphasized the fact that 
the electronic arrangements in the inert gases were the most stable structures, since 
they showed no tendency whatsoever for normal chemical combination, and that 
other atoms in their chemical reactions would try to attain the mert gas structures. 

In both theories the electrons were regarded as surrounding the nucleus in con- 
centric groups, and for the first three rare gases the stable groups were assumed to be 2 
for helium, 2,8, for neon, and 2,8 8, for argon. Kossel considered the electrons to be in 
motion about the nucleus and that the groups of electrons were arranged in concen- 
tric rings in one plane, while Lewis assumed that the electrons took up fixed positions 
at the corners of concentric cubes (except for the two electrons in the first shell). 
Both models have, of course, long since been discarded, although Kossel’s dynamic 
model was closer to the truth. Nevertheless, the basic idea of stable groupings, or 
shells, is considered valid today. 

According to Kogsel, the valence of an element was considered to be equal $0 the 
number of electrons it must lose if electropositive or gain if clectronegative, in order 
to attain the same electronic structure as an inert gas. Tor example, the eloments 
fluorine, neon, and sodium possess 9(2 + 7), 10(2 + 8), and 11(2 + 8 + 1) electrons, 
respectively, Sodium would therefore be expected to lose one electron readily so as to 
uttain the stable neon structure, while fluorine would be expected to pain one electron. 
Designating only the eleetrons in the outermost shell, the reaction between the two 


elements can he written: 
Nae + - FR: ———> [: Na: | [:#] 
While Kossel’s theory accounted satisfactorily for the elements close to an inert gas in 


the periodic table, it could hardly account for others farther away, Nitrogen, accord- 
ing to Kossel, should tend to form an N*~ ion, which was certainly unlikely. Lewis, . 
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on the other hand, had postulated that ¢he type of combination resulting in a direct 
gain or loss of electrons, later called eleetrovalence by Langmuir, was solely restricted to 
tonic compounds or salts. In addition, he proposed that two atoms could, in effect, 
attain the inert gas structure by the process of sharing electrons. Thus Tewis con- 
sidered that two fluorine atoms, for example, could attain the neon configuration by 
mutually sharing 4 pair of electrons as shown diagrammatically in the following 
equation: 





Nitrogen, with five electrons in its outer shell, requires three more to complete Its 
octet. Hydrogen, which has one electron, requires one more in order tu possess the 
helium configuration. It therefore appeared reasonable that nitrogen could complete 
its oetet, and each hydrogen its duet, by the mutual sharing of three electrons from 
the nitrogen and three electrons from three hydrogen atoms, as shown below: 

il 
Nell 
if 





:Ne + BIL 


This type of chemical combination, later called covalence by Langmuir, occurs very 
frequently in the organic compounds, Lewis proposed that the sharing of electrons 
could only oeenr in pairs, and as evidence for this he pointed out that with only a very 
few exceptions chemical compounds contained an even mumber of electrons.  Wex- 
amples of compounds containing au uneven number, which he called odd”? molecules, 
wre nitric oxide (11 electrons), nitrogen dioxide (17 electrons), and chlorine dioxide 
(19 electrons). Such molecules show a tendency to attain an even nunober of elec- 
trons by dimerization; for example, NOs readily forms NyOs. 

He considered a shared pair of electrons to be equivalent to the classical valence 
bond, and the number of shared pairs to give the valence of the atom. Thus nitrogen 
is considered to be trivalent in NH; in the electronic theory as well as in classical theory. 
Double bonds were considered to involve the sharing of two electron pairs and triple 
bonds the sharing of three pairs. 

Lewis postulated that the electron pair in a molecule such as Hz would be sym- 
metrically placed between the two atoms, but that in HCH, for example, the pair would 
be displaced toward the more electronegative chlorine (or, as we would say today, the 
electrons in their motion about both nuclei would be expeeted to spend more lime in 
the neighborhood of the chlorine atom, that is, the cleetrou density is higher),  ‘Phus 
only the HCl molecule should possess a dipole moment. Fe assumed that this type 
of electron displacement (now called the auductive effect) could be relayed in a chain of 
atoms, and also that the longer the chain, the weaker would be the effect at the end of 
the chain. Chloroacetic acid is therefore more acidic than acetic acid because the 
chlorine atom ultimately causes the oxygen attached to the ionizable hydrogen to be 
more positive in the former compound, and therefore better able to repel the proton. 

The concept of electron displacements was of the greatest importance, for by 
showing that they could cause a molecule to vary all the way from a nonpolar-covalent 
extreme to a completely ionic extreme, the close relationship between the ionic and 
covalent compounds (and therefore inorganic and organic chemistry) was finally estab- 
lished, Moreover, such coneepts were responsible for bringing about a very rapid 
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development in the electronic interpretation of reaction mechanisms, particularly by 
Lapworth, Lowry, Robinson, and Ingold. 

The transition from an ionic compound to a covalent one was interpreted hy 
Fajans in (923 in terms of the deformation of the electron orbits of ions. He showed 
that such deformations are dependent upon the sizes of the ions and upon their charge, 
and that the deformation of a cation is usually very small in comparison with that of an 
anion, The greater the attraction between any two ions, the greater is the resulting 
deformation, and a point will be reached where the latter is so great that the electrons 
will cease to belong to one atom or the other but will be shared between them, that is, 
the electrovalency has passed over into a covaleucy. Although the transition be~ 
tween lhe two bond types is not very sharp, the extremes of electrovalence and co- 
valence are easily recognized, In general, the two classes of compounds differ mark- 
edly in physical and chemical properties. Ionic substances are easily soluble in polar 
solvents such as water, and give solutions that readily conduct electricity. Covalent 
substances, on the other hand, usually exhibit greater solubility in the nonpolar sol- 
vents, giving solutions that are not good conductors of electricity. Tonic substances 
have very high melting and boiling points, while those of the covalent compounds are 
normally much lower, Ionic reactions are rapid, while those involving covalent 
substances are usually rather sluggish. 

The molecules of covalent substances preserve their “identity” to a large extent 
when in the liquid, or even solid, state because the attraction between such molecules 
{the van der Waals attraction) is not usually: great enough to cause actual bonding. 
However, this is not the case with the ionic substances. Up to now, the ionic bond 
has been picturecl as one that exists in an isolated “molecule,” or ion-pair, such as 
NatCl-, although the attraction between one ion-pair and another is strong enough to 
result in bonding. Let us consider the magnitude of the forces involved (see ref. 
29, p. 8). 

The electrostatic attraction between an isolated NaCl ion-pair is given approxi- 
mately by the expression, ~e?/r, where e is the magnitude of the electric charge and r 
the interionic distance. This represents the amount of cnergy (approximately 100 
kg.-cal./mole) that would be required. in order to separate the two ions completely. 
It should be pointed out that, while the forces involved jin both ionic and covalent 
bonds theoretically fall off to zero only at infinite separation, the decrease is very 
much more rapid for covalent forces. The total attractive force between two isolated 
ion-pairs would be —2e¢?/r, but if the ion-pairs are allowed to approach one another so 
that the four ions are arranged at the four corners of a square, as shown in Figure |, 
the total attractive force is — ¢?/r & [4 — (2/./2)] or —2.586e2/r, Since the difference, 
namely 0.586e2/r, represents the energy that would have to be supplied to dissociate 
(NaC), into 2NaCl, it is obvious that the “dimer’’ is considerably more stable than 
two isolated ion-pairs. Similarly, a “tetramer,” (NaCl),, consisting of cight ions 
arranged at the corners of a cube, as shown in Figure 2, is more stable than two iso- 
lated climers, 

Caleulation shows that for a crystal of NaCl, consisting of N molecules (where NV 
is very large), the total energy changes (approximately) from —Ne?/r for N isolated 
molecules to —1.747Ne?/r for the whole crystal (for other substances the energy will, in 
part, be determined by the specific geometry of the crystal). It is therefore casy to 
understand why sodium chloride, and -the ionic compounds in general, have high 
melting points and boiling points. 
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Lewis’ Electronic Generalizations. The concept of oxidation and reduction was 
generalized by Lewis. A substance is said to be oxidized (and this applies to atoms, 
ions, or molecules) if in a chemieal reaction it loses electrons, and to he reduced if it 
gains clectrons (see Oxedation-reduction). In addition, Lewis generalized the concept 
of acidity and basicity. He defined a base as any substance capable of furnishing an 
unshared pair of eleelrons for the formation of a chemical bend (see p. 561) and an 
acid as any substance which is able to accept such a pair for bond formation (sce 
cletd-hase systems). 

Electron Configurations. A knowledge of the electronic configurations of all the 
elements in the periodic table was of fundamental importance to the further develap- 
ment of the electronic theory of valence. While it is not possible in this article to 
discuss the configurations in detail, it is important to understand the general principles. 

Largely on the basis of the Rutherford model of the atom and Moseley’s law, it 
was assumed that the total numbers of clectrous in the rare gases were helium (2 eled- 
trons), neon ({0 clectrons), argon (L8 clectrous), krypton (36 electrons), xenon (54 
electrons), aud radon (86 electrous). It therefore seemed reasonable to suppose that 
the differences in these numbers (after helium), namely, 2,8,8,18,18,32, represented the 
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exact elecbrouic configurations, shell by shell, of each of the rare gases. For example, 
following argon (2,8,8), it was expected that for successive clements up to krypton all 
of the additional electvong would enter the fourth shell, and that the configuration of 
krypton would therefore be 2,8,8,18. In fact, Langmuir macle this assumption while 
developing the Lewis theory. 

However, a detailed study of the properties of the elements in the periodic table 
shows thal. this could hardly be the case for the longer periods. Bury, oi chemical 
grounds, and Bohr, on physical grounds, i 1921 showed that the correct electronic 
structures were undoubtedly those shown tn Table [. 

The important points to note are: (2) The maximum number of electrons that a 
group or shell can contain is 22%, where 2 is the principal quantum number (see p, 565). 
(2) The outermost shell of each of the rare gases contains a group of ouly 8 electrons. 
(3) The groups attain a state of comparative stability when they have 8 or 18 elec- 
trons, even if they are capable of expanding their shells in the later periods. The ex- 
perimental evidence for Table I (apart from the kuowledge of the cliemical properties of 
the elements) and, in particular, for the claborate chart given in Vol. 2, p. 210, is ob- 
iained from many sources, including optical spectra, x-ray emission and absorption 
spectra, and the ionization potentials of the elements. 

The chart of configurations proposed by Bohr (1) (given in part in Table T) was 
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TABLE 1. Electron Configurations 
of the Inert Gases. 


























based on the idea that the electrons possessed definite circular and elliptical orbits, and 
he characterized the orbits ia terms of only two quantum numbers (which represented 
the different energy states of the electrons). Bolir also assumed that the cleetrous ina 
sompleted group were equally distributed lito various subgroups, We uow know that 
each electron has to be characterized by four quantum numbers which, according to 
quantum mechanies, cannot be deseribed in terms of simple orbits. Tn addition, the 
maximum number of electrons in the various subgroups are known to be 2,6,10,14 
(see Atoms). In the next few years Bohr’s concepts underwent a rapid development 
(for an interesting discussion of this period, which ended with the adoption of quantum 
mechanical concepts, see ref. 24, pp. 25-50). Nevertheless, it was possible for both 
Bobr and Bury, with the knowledge at their disposal, to relate in a general way the 
properties of many of the elements with what might now be called their “over-all” 
configuration (that is, onc which merely tells us the total numbers of electrons in cach 
shell), [Let us consider the type of reasoning employed at that time with a few ex- 
amples. 

Helium possesses two electrons which are assumed to be in the first (or HZ) shell. 
Since helium is inert chemically, its shell was assumed to be complete, and therefore 
the introduction of a third electron in lithium is presumed to occur in a new (1) shell. 
Spectroscopic evidence definitely points to this, In addition, while the ionization 
potential for the removal of one electron in helium is approximately 24.5 volts, it 
requires only about 5.4 volts to remove the first electron in lithium. Tt, is evident that. 
this single, easily removable electron is responsible for giving lithium its univalent 
and electropositive character, Similarly, the identical change m properties which 
we fhid when we go from any other inert gas to its suececding alkali metal, shows thal a 
corresponding change in structure occurs in every case (again corroborated spectro- 
scopically aud by ioulzation potentials). Sinee cach of the halogens come just before 
ai inert gas and since each possesses a Lotal of 7 cleetrous in its outer shell, the halo- 
gens would be expevted to be predominately univalent and electronegative tn character. 

The properties of the corresponding elements in the two short periods follow in a 
fairly regular manner from the identical electronic configurations of the outer shells. 
The properties of the transition elements in the first long period (scandium to nickel) 
ean be understoad if after calcium (configuration 2,8,8,2) the third (J) shell starts to 
build up until a maximum of 18 electrons is reached. The electronic struetures of the 
rare earth metals are particularly interesting. The configuration of barium, which is 
just before lanthanum, is 2,8,18,18,8,2. However, the fourth (VN) shell is capable of 


VALENCE 561 


holding a total of 82 electrons, and if is in the rare carth series that this shell is pro- 
gressively built up (although uot in a perfectly regular manner). Since the electrons 
are added to a shell that ts relatively deep within the atom, the rare carths are remark- 
ably similar to one another in physical and chemical properties, 

The Coordinate Bond. In 1927 there appeared a comprehensive book on valence 
hy Sidgwick (24). In contrast to many of the chemists of that time, Sidgwick rigidly 
conformed to the demands of the physicist, and ag a result. many of his conclusions are 
still valid today, subject, of course, to a remterpretation in the light of quantum me- 
chanical concepts. 

Lewis had pointed out that under certain conditions those atoms that possessed 
an tnshared pair of electrons should be capable of sharing both electrons with other 
atoms or groups. For example, since in boron trimethyl it ean be seen that boron is 
only sharing six cloclvonus, the combination between that compound aud ammonia 
would appear to mvolve the shiring of both of the electrons on the nitrogen atom, as 
shown in ¢he following equation: 

RH RH 
R:B -- :N:1l —— > RB: B:N 
Rot Ri 





mol 


[Te also postulated that the formation of complex salts might involve a similar type of 
sharing, Sidewiek developed the concept more fully and termed this type of valence 
coordinate valence, 

Similarly, the sulftr atom in methyl sulfide (VT), is seen to possess two unshared 
pairs of electrons, each of which is capable of sharing its electrons with oue or two 
oxygen atoms to form a sulfoxide or sulfone, respectively, To show that the electrons 
involyed in the sharing came from the sulfur, Sidgwick wrote these structures as shown 
in (VID and WHO. The coordinade bond las also been called a dative bond, a sems- 
nolar double bond, or simply a semipelar bond. Since this type of sharing causes the ° 
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donor atom to have a formal unit positive charge and the acceptor to have a formal 
Unit. negative charge, methyl sulfone is also represented by the alternative formula 
(IX). The word Jormuul is used beeatse a structure like (OX) does not sccurately 
represent the distribution of the charges, Part of the unit charges will be relayed 
induetively to the other atoms and groups, for example, the positively charged sulfur 
in (IX) strongly tuttraets the electron pair in the sulfur-methyl boud, and this causes 
the methyl group to have a partial positive charge. 

It should be pointed out that while the nitrogen-oxygeu bond in the amine oxides, 
RyNO, is considered today to he definitely semipolar, the situation in regard to the 
sulfoxides and sulfones is not eutirely clear. Sulfur, in contrast to nitrogen, is capable 
of expanding its valeucy shell, so a covalent double-bonded structure, S=O, should 
he possible. At the present time the sulfur-oxygen bond in such compounds is con- 
sideved ta he best. represented as a resonance hybrid (see p. 577) whose actual electronic 
adrieture is somewhere between, the semipalar and double hond structures. Never- 
theless, the fact that sulfoxides of the general type RR’SO are capable of exhibiting 
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optical isomerism would indicate that the sulfur-oxygen linkage in such a compound 
cannot be a full-fledged double bond, as this would give the molecule a plane of sym- 
metry und isomerism would not be possible (see Vol. 12, p. 860; Vol. 18, p. 353). 

Onium Compounds. The electronic theory gives a satisfactory explanation of the 
nature of the linkages in compounds such as ammonium chloride and the quaternary 
ammonium compounds. Thus the reaction between ammonia and hydrogen chloride 
ean be interpreted as shown in the following equation: 


H IH | 
JI:N: + UL:Gl —~—> | tb: Neil | Clo 
tk 1a 


Ounce the hydrogen ion becomes coordinated with the unshared pair on the nitrogen 
atom, of course, all distinction between it aud the three other hydrogen atoms dis- 
appears, and the four eovalent bonds attached to the nitrogen become identical, 
Because of the positive charge, however, the nitrogen is said to exhibit: an ionic va- 
lence of +1, in addition to a covalence of 4 (see Onium compounds; Qualernary an- 
montium compounds). As might be expected from the discussion of formal charges, 
the whole of the positive charge in the ammonium ion is not exclusively located on the 
nitrogen atom, but can be considered to be transferred in part to each of the hydrogen 
atoms. 

Complex Compounds. Groups such as H,0, NH;, Cl-, and CN~, which are 
capable of forming complex salts with metallic ions, all possess unshared pairs of elec- 
trons. It therefore was assumed that the coordinating groups were actually attached 
to the central atom by means of semipolar bonds (see Coordination compounds). 
However, this is by no means always the case, For example, potassiium ferrocyanide 
is usually represented by the structiral formula (X). While this is a very “con- 
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venicnt” formula, which emphasizes the fact that during formation of the complex ion 
the unshared pairs of electrons on the cyano groups are involved, it is actually a very 
unlikely structure. Since it involves the uncharged —C=N group, structure (X) 
would give the central iron atom a charge of 4—, although iron normally 
tends to assume a positive charge. Tfowever, the cyano group is an clectrouegative 
group and because it possesses a multiple bond, resonance.of the type showu below 
should be possille: 





M—C=N <-> M=U-2N 


‘Pauling and others have therefore suggested that potassitm fervocyanide is much 
better represented as a resonance hybrid that will include structures such as (XI). 
Tu structure (XT), which represents only one of many possibilities, it will be seen that 
the iron possesses only a single negative charge, which is much more probable than the 
4— in structure (X), In the actual hybrid structure, of course, the electron distri- 
bution is such that all of the bonds become equivalent to one another (for a very 
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detailed discussion of the clectronie struchtures of complex compounds, see ref. 27, 
pp. 3848-94). 

Valence Shell Expansion. While many clements combine so as to attain the 
configurations of the inert pases, there are quite a number of exceptions to the ovtet 
rule, for example, PI}; (10 electrons), SF, (12 electrons), and OsFy (16 electrons). ‘Phe 
central atom in the coordination compounds is also frequently surrounded by mere than 
eight electrons. Stdewick tabulated the maximum covalences that appeared to be 
possible for the elements, and found that all atoms capable of valence shell expansion 
wore outside of the first short period. Elements in the latter period are not capable 
of exhibiting a covalence ereater than four. Talements in the second short period and 
first long period ean display a maximum covalence of six. The heavier clementis are 
capable of having a maximum eovalenee of eight. 

Sugden, in an attempt to preserve the oetet rule, postulated (hat in Pils, for ex- 
ample, three of the fluorine atoms are attached to the phosphorus atom by ordinary 
“dQuplet,” or eleetron-pair, linkages and that the other two are joined by means of 
“siplet” lnnkages, iuvelving only one eleetron for cach bond. Singlet linkages are 
now regarded as being very rare, and the modern explanation for the existence of 
such compounds is based on the concept that for the atoms of the higher elements, 
“vacant? orbitals (of relatively low energy) can be called upon for “additional” 
bond formation. The quantim theory of valence also gives » satisfactory explanation 
of the strengths of sueh bonds as weil as their directional characteristics (see below 
wid. refs. 16,19). 

Valence shell expansion is nof a complete explanation of the phenomenon of 
variable valence. Other factors must be taken into account, such as the utilization 
of unshared. pairs of electrons (as previously described) and the tendency for atoms to 
form clectroyalent bonds in addition to covalent bonds. , 

See also Phosphorus compounds, inorganic, Vol. 10, p. 462; Sulfur compounds— 
structure, Vol. 18, p. 374. 


Quantum Theory of Valence 


While the electronic theory of valence was very successful in correlating many 
facts concerning chemical combination, it was still largely descriptive in nature. With- 
out the necessary tools for computation, it was unable to explain satisfactorily why a 
covalent bond should exist at all. Ultimately, the inteompleteness of the electronic 
theory was due to tle faihire of classical physies 6a yield the right answers for particles 
and events of atomic dimensions. When applied to the Rutherford model of the atom, 
classical physics predicted that it could not possibly be stable, If the plauctary 
electrons were at rest, then, according to the laws of electrostatics, they should move 
into the nueleus under the action of the Coulombic attraction. On the other hand, if 
the electrons were tn motion, classieal theory predicted that the acceleration experi- 
enced by the electrons in their necessarily nonlinear orbits around the nucleus would 
lead 40 loss of kinetic energy by emission of raciation, and the electron would spiral 
ito the nucleus. Tt was suggested by Bohr in 1911 that Rutherford’s picture of an 
atom was essentially correct, but that the application of classical mechanics to an 
atomic system was hot correct. Bohr (1) postulated that certain cnergy states were 
available to electrons in atoms, aud that in these states, which ho called stationary, 
the electrons could undergo circular (accelerated) motion about the nucleus without 
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‘adiating energy. Similar postulates concerning the restriction of alomic or electrical 
oscillators to certain energy states (quantization of energy) had beeu made previously 
by Planck (1900) in treating the spectral distribution of energy from a black-body 
radiator and by Einstein in his study of the photoelectric effect. 


Bohr assumed that the angular momentum of the electron about the nucleus was quantized: 
2rpy = nh (1) 


where pg is the orbital angular momentum, & is Planek’s constant (which first appeared in Planck's 
worl: mentioned above), and » is an integer, 1,2,8,.... This assumption departs from classical me- 
chanics, which would permit any value of pg. If we take as our model a positive nucteus of charge | 
wud ane electron, tht is, the hydrogen atom, then: 


2 2 

oe (2) 

a a 

where ¢ is the electronic charge, a is the distance of the electron from the nucleus, v is its velocity, and 
mits mass. According to equation (2), the centrifugal force that lends to cause the electron to leave 
the nucleus is counterbalanced by the eleetrostatie attraction, The restrictions expressed in equations 
(1) and (2), when applied to the classical problem of the dynamics of a body moving in a circular 
orbit, lead to the following expression for the total energy of the electron, W; 


2 4 
Wwe=— Paine (3) 
nh? 
The electron cun therefore have only certain energies, Wy, which are proportional to 274, where n 
isan integer. The energy of the electron is said to be quantized, and x is called a quantum number. 
The determination of the possible energies of the electron in the hydrogen atom enabled Bohr 10 
calewate with remarkable accuracy the frequencies of the principal lines in the speetrum of atomic 
hydrogen, and of hydrogen-like species such as singly ionized helium. This was done through the 
postulate AZ = hv where AF is the energy difference between tio electronic levels, 4 is Planck’s 
constant, and v is the frequency of the absorbed or emitted light. The Bohr theory was generalized 
by Wilson and Sommerfeld (1915) with the mtroduction of elliplical orhits. The theory beesme 
extremely important in the interpretation of spectra, and formed the quulitative basis for the theories 
of valence put forward by Lewis and Langmuir around 1916. On the other hand, the theory failed in 
its quantitative application to nonhydrogen-like elements, and could not be extended to molecules. 
Nevertheless, the initial successes of the theory, and the qualitative insight which it provided into the 
electronic theory of chemistry, emphasized the need for a radical departure from classical mechanics 
in treating atomic and molecular systems, and paved the way for # more general form of quantum 
mechanics. . 

Quantum mechanics, as we know it today, had its inception in theoretical speculations put 
forward by de Broglic in his doctorate thesis in £923. Hinstein (1905) had postulated his photon or 
particle theory of light, im order to aecount for photoelectric phenomena, On the other hand, the 
traditional wave theory of light was well-established from such phenomena as interference, diffraction, 
and refraction, De Broglie accepted this dual nature of light as being inherent, and suggested had, 
such a dualism was also characteristic of atomic particles. TTe associated with every particle a wave, 
whose wave length was inversely proportional to the mass of the particle. Since even atomic particles 
are extremely heavy as compared with photons, the wave lengths associated with them would be very 
short indeed, and hence might escape detection. Theoretically, however, matter should, under the 
right circumstances, show the interference effects characteristic of waves. These suppositions were 
supported experimentally in the later work of Davisson and Germer (1927), who found that electrons 
scattered by crystals show wave-like interference. 

Stimulated hy de Broglie’s work, Schrédinger (1925) applied to atomic systems certain dynami- 
cal equations which were appropriate to wave systems, At the same tine, Heisenberg and Born and 
Jordan constructed 4 new mechanics using malrix algebra. Schrédinger was able to show that both 
treutments were muathematicully equivalent. The Schridinger mechanics, or wave mechanics, 
requires less abstruse mathematics than Heisenberg’s methods, and will be the basis of the following 
discussion, 
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Avcording to wave mechanics (6,16,27), for any given atomic system, Lhere exists a funclian of 
the eoordinabes af (he system, y, such that the vilue of y2dz at a given point is proportional to the 
probability of encountering an electron of the system in a small volume element dy surrounding the 
point. All of the information which we can know about an atomic system is embodied in y. The 
probability interpretation of yw was first suggested by Born and Jordan (1927), and this viewpoint is 
helpful in attaining a physical picture or madel, bused on Ghe results of wave mechanics. 

A second postulate, which further defines y, requires that it be a solution of the differential 
equation: 


2 


— Vy + Vy = By (1) 


8a? 


where ¥2 is the Laplacian operator (equal to 02/22 in one-dimensional space, and 02/d22 -- 02/dy? + 
02/dz? in Cartesian coordinate three-dimensional space), # is the energy of the electron, m is its mass, 
and # is Planck’s constant. V is the potential energy of the électron, and is a function only of the 
coordinates of the system. Tquation (4) is often called the Schrodinger equation, or, the wave equa- 
tion heeuse of its resemblance to equations governing wave motion, Tor this reason, the function 
is called a wave function. It may be noted that us a postulate, tlie wave equation is not immediately 
related to any obvious experience, as are Newton’s laws of motion. Intuition based on mathematical 
analogios led Schrddinger to his equation, but the equation itself has no physical meaning, and its use 
as n postulate is justified hecause, as a culewating device, ib yields answers which agree with experi- 
ment. This denial of interpretation might have been extended to the wave function y, but the con- 
cept of Y? as a probability distribution funetion is extremely valuable. Such an interpretation can 
give usa physical picture that is often helpful to the understanding. Moreover, the interpretation of 
¥ may allow a qualitative extrapolation of quantum mechanical results for simple syatems to more 
complex systema not amenable to calewlations, 

Cienerally, the detailed solution of the Schrédinger equation is tedious, even for such a simple 
wwe as the hydrogen atom (for which V = —e2/r, where r is the distance of the eleetron from the nu- 
cleus), and may become impossible in closed form for only slightly more complicated cases; for ex- 
ample, the helium atom, Fowever, certain features of the solutions, y, can be indicated, These 
solutions are required always to be well-behaved: continuous, bounded, single-valued, ete. This 
serves to eliminate physically meaningless functions that might also he solutions of equation (4). 
Tn addition, the criterion of good behavior requires that lim y¥ (r) = 0, corresponding to zero prob- 

To 
ability that the electron in the unperturbed atom will have left completely the neighborhood of the 
positive nucleus, 

The nature of the potential funetion V is also of great importance in determining the nature of 
the solutions of the Sehrédinger equation and the allowed values of the energy parameter E. For 
VY = 0, that is, a particle in ficld-free space, it is found that a well-behaved y exists consistent with 
any value of the energy Z>0. On the other hand, when VY = —e?/r, or V has some other form which 
restricts electrons to some purticular region of space, then the Schrédinger equation has well-behaved 
solutions, v, for only certain values, Zy, of the energy, B. Quantization of the energies of electrons is 
therefore a natural result of requiring those electrons to be restricted by the potential function to 
certain regions of space, As a result of this limitation on the freedom of electrons by the positive 
potential fields associaled with atomic nuclei, the encrgics of electrons in atoms and molecules will 
he quantized. 

The values af F that yield acceptable solutions of equation (4) are related to the integers, n = 
1,2,8,.... An energy level is therefore specified by the quantum number 2, which is ealled the prin- 
cipal quantum number, Asa rule, the electron will huve a higher energy the greater ite distance from 
the nucleus. ‘The values of #y inerease with n, so that higher values of 2 will he correlated with larger 
values of the average distance 7, of the electron from the nucleus, The expression “average distance’? 
is employed here, since, according to the probability interpretation of y’, the electron cannot be said 
4O Gravel in a diserete orbit, The value of 2, does not, however, fluctuate about an average value, 
as doos the distance x, This is possible, of course, because #, is the total energy of the electron, so 
that a variation in potential energy brought about by a change in r is offset by u change in kinetic 
energy. 

The position of an electron relative to the nucleus is specified by two coordinates other Uhan 
the distance 7. ‘The three (spherical) coordinates required are shown in Figure 8. Two other quan- 
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(um numbers are correlated with (he presence of (he angular coordinates @ and @, in the sume sense 
that the quantum number 2 is correlated will the coordinate 7, Theso are t, the azinuuthal qrcentian 
muwher, and at, the magnetic quantim aunber, A fourth quantum number which is not implicit in the 
Schrédinger equation, but is required by physical theory, is s, the spin quantum aaanber, The speci- 
fieation of these four quantunr numbers is sufficient to describe the energy, angular distribution, and 
miynetie moment of an electron, Corresponding to & given sct of these quantum bumbers is wave 
funetion, ¥, which is often called au atomic arhitad. 

The shapes of the atomic orbitals are determiued by the quantum number An electron for 
whieh 7 = 0 is called ans electron, The time-average distribution of an s elcetron about the nucleus 
is spherical (see Fig. 4a); thatis, the probability of encountering the electron ata given diskuree from 
the nucleus is constant, aid independent of the direction from the nucleus. When 7? = 1, however, 
there ure three possible atomic orbitals, called pz, py and pz orbitals, in whieh the probability of 
encountering the electron at-n given distance from the rucleus is not independent of the direction 





P(r, 6,) 





y 


Fig. 3. Spherical coordinates r, 6, and ¢ of the point P. 


from the nucleus. These orbitals are shown in Pigures th, e, and d. For the pg, py, und ps orbitals, 
the probability of encountering the clectron at a given distance from the nucleus is maximal along 
the x-, y-, and z-axis, respectively. As will be shown later, the shapes of these orbitals are important 
in formation of chemical bonds. Higher values of ] are characterized as d(2 = 2), f(D = 3), @ = 4) 
orbitals, ele. The values which | can assume are restricted to the integers from one through (n — 1). 
For 1. value of 2 = 1, therefore, the allowed value of lis zero, and electrons with this value of » can be 
only s electrons. When n = 2, 2 can assume the values 0 or 1, and both s electrons and p electrons 
are possible, 

The magnetic quantum number m determines physically the splitting of energy states (and Lence 
of speetral lines) when an atom is in a magnetic field (the Zeeman effect). om can assume values of 
mh...) 2, ~1,0,1,2,...,1. Fort = 0,m ean he only 0. For é = 1 (p electron), m can have 
the values —1, 0, +1. These three values of account for the existence of the three kinds of p 

“orbitals, pr, py, and pz. In the absenee of a magnetic field, these three values of m, and hence the 
three p states, have exactly the same energy for a given n. Wave functions of this kind that have 
different mathematieal forms (the three p states differ by rotation of the soordinate axes) but 
correspond to exactly the sume energy are said to he degenerate. The d states (1 = 2) show a fivefold 
degeneracy, corresponding to the five possible values of mm. Tn the presenee of a magnetic field, the 
three rectangular coordinates are no longer equivalent, and degenomey is removed to a certain extent, 
for both p and d states. 

The spin quantum number s (not to he confused with the s electron, far which | = 0), can take 
only two values, +&1)4, corresponding to a cloekwise or counterclockwise direction for the eleetron 
spin, The value of s has a minor effect on the energy of the electron, but its effects are observable in 
the fine structure of the spectrum of the hydrogen atom, and the multiplicity (singlets, doublets, ete.) 
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of Jines in the spectra of more complicated atoms. Spin is also of importanee in the theory of atomic 
structure, and appears in conjunedion with the Pauli exelusion principle, According to the latter, no 
{wo electrons assigned to a given atom can have exactly the same set of quantum numbers. Tn the 
helium atom, for example, in whieh two clectrons are assigned quantum muimbers 2 = 1, / = 0,0 = 0, 
the lwo cleetrons must differ in the fourth quantum numbers, This particular state of the helium 
atom is possible, therefore, only if the sping of the electrons are apposed. Klectrons of this kind, 
whith are in the same space orbit. with opposed spins, are said to be paired, 


correlated with the spin angular momentum having a value of a/ a(s + Lh/2a. The values of | ands 
therefore determine the magnitudes of two veetors. The quantum number m determines the value, 
mh/2, of the projection on the z-axis of the vector corresponding to L, and therefore the direction in 
apace of that vector. These considerations are derived fram the vector model of the atom, and relate 
the quantum numbers to dynamical quantities of classical physics. However, the significance as- 
eribed in the text to these quantum numbers is of greater utility than the vector concepts tn applica- 
tion to molecules, The yeetor model finds its greatest use in the interpretation of atomic spectra, 





(b) (c) (d) 


Tig. 4. (a) & atomic orbital; (a), (c), and (d) are p,, py, and p- 
orbitals, respectively (13). 


With the Pauli exclusion principle, and aw kuowledge of the relative energies of the various or- 
hitals, it is possible to delineate the electronic states of the elements of the periodic table (27), The 
different states are given by the symbols as, ap, ad, ete., where n is the principal quantum number. 
Tn the hydrogen atom, the electron is ina Is state. In helium there are two electrons in Ls states: 
this is indiealed by Ist, where the superscript indieates the number of electrons in the particular leyel. 

From a study of the spectra of the elements, the sequence of energies for the various electronic 
levels has heen found to he: 


IacQacDp8a<Bacdon kd <ipcddandschp<c dy 


Generally the energies inerease with », as mentioned before. Fora given n, the states with higher 
values of Uhave higher energies.  [Towever, the 3d level has about the sume energy as the 4s level, and 
the 4/ level is definitely out of sequence, lying higher than the first two sublevels in the shell = 5, 

To construct the most stable electronic configuration of au atom of atomic number Z, a positive 
nucleus of charge Z is considered, and Z electrons ave fed into the lowest. energy levels in accord with 
the above sequence and Pauli’s exclusion principle. Another principle, Hund’s rule, is also invoked 
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in this assignment: clectrons tend to avoid being in the same space orbit, Space does not permit the 
derivation of the electronic configurations of all the elemeuts in the periodic table, but we ean. illus- 
trate the procedure with lwo elements. Nilrogen has seven electrons in its outer shell (7 = 7). 
Two of these ean be placed into (he lowest, ts orbital with opposed spins, Two mare can be paired 
in the 2s orbital, Tn accord with Hund's rule, the remaining three eleetrons are assigned one cach to 
the pz, Py and p, orbitals. The electronic structure of nitrogen is represented as follows, where the 
arrows indicate spin direction: 


ls 23 2p, 2p, 2p, 


N: 1e?2s?2p4 tt tI t { t 





This procedure leads to the following configuration for carbon: 
ls 2s 2p, 2p, 2p, 


2 
C: 1923291)2 [t} tilt | t Lt] 


The configuration for the inert gas argon is: 











ls 28 2p, 2p, 2p, 38 3p, 3p, 3p, 
A: isasopaee® [I MITIN INN [tt 


The configuration ns?np! oceurs in all of the noble gas outer shells, and is a particularly stable amunge- 
ment. This observation is important as a determinant of the number of bonds that an element ean 
form; for example, by accepting three electrons, nitrogen ean attain this noble gas configuration. 
Henee nitrogea should show a valence of three. In the ense of earhon, whose eleetronie strueture 
given above indicates a valence of two, other considerations become important, and will be discussed 
suhsequently. 

The inversions in the expected sequence of energy levels mentioned above are due principally 
to screening of electrons in outer valence shells from the nucleus by completed inner shells. This 
complicates the sequence in which the levels become filled with increasing atomic number, Thus, 
after argon, which has a stable 3823 u9 shell, electrons go into the 4a shell rather than the 8d Gwvhich 
has about the same energy as the 4s shell). After this, the 3d shell begins to fill in the series of transi- 
tion elements from scandium (atomic number 21) through copper (atomic number 29), while the 4- 
level continues to possess one or two s electrons, A similar situation exists with regard to the +f 
shell, which lies above the 5s and 5p shells in energy, and has about the same energy as the Sd shell. 
To the “huilding-up” process, electrons go into the 5s and 5p levels first, and one goes into the Sd 
level, after which the 4/ shell hegins to build up. This gives the rare earth or lanthanide series. 
Since the outer valence shells of these elements are alike, they are chemically alike, which causes then 
to occur together in nature, and makes their separation very difficult. 














The concept of orbitals about a positive nucleus has been extended to molecules 
(3), Afolecular orbitals are wave functions that describe the electron distribution about 
several positive nuclei, rather than a single central wucleis, asin atoms. The ¢ USS] PT 
ment of electrons to molecular orbitals is accomplished in the same way as for atoms, in 
such a manner that the Pauli principle is not violated. The exact calculation of 
electron distributions ahd energies by means of the Schrédinger equation becomes im- 
possible for molecules, owing to the complex, polycentric nature of the potential field. 
Tlowever, approximate methods have provided many results of interest, and provided 
a real insight into a number of complicated phenomena. One of these methods is 
based on the asstumption that in the neighborhood of a given atom A, the wave fune- 
tion most approprinte for describing the behavior of an electron is Ya, Where Wa is an 
atomic orbital of A. The approximate wave function for the whole molecule ts then 
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that is, the sum of the atomic orbitals taken over all the atoms in the mole- 
cule, weighted with appropriate coefficients. Having assumed this function as a 
molecular orbital, the central task of the method becomes one of determining the values 
of the coefficients. This approximation is called the LCAO method (linear combina- 
tion of atomic orbitals). The method will he illustrated for the hydrogen molecule- 
ion, whieltis the simplest molecule, consisting of two protons and one clectrou: (IT-H)+ 
(3). 

Tn this ease, the proper wave functions 10 employ in the LCAO are the hydrogen 
atom wave functions, va and pp. These functions are solutions of the Schrédinger 
equation with Y= —e/r. The molecular orbital is 


Y= aba + bon (5) 


The use of equation (8) ts justified as follows: for large distances of the electron from 
the nuclet, ya and Py approach zero. When the electron is in the region of A, the 
molecular orbital y will resemble ya stice the distance of the electron from nucleus B 
will be relatively large. Our approximate function ¥ will deviate from the best approx- 
imation to the extent that Ys actually departs from zero under these conditions. 
From equation (5) and the faet that the nuclei are alike, it ean be shown that the two 
linearly Independent wave funetions for the hydrogen molecule-ion are given by: 


vy = clWa + dn) 





(6) 
dir = Oba > bn) 
where cisaconstant. Referring to the Schrédinger equation (4), we will let: 
. Ae - 
He ~~ V+ VQ) (7) 


Sar2m 


where H is called the Hamiltonian for the system specified by the potential funetion 
V(g). Phen the Schrédiuger equation appears simply as: 

Ip = Ey (8) 
where Jf is the cuergy of tle system. Multiplying equation (8) from the left (7 is a 
differential operator, and the meaning of multiplication is preserved only if performed 


from the left), integrating over all values of the coordinates g, and solving for H, we 
find: 


K-= SiN (9) 
J yrdr 
Substitution of tle expression for py in this equation gives: 
Haa + B 
lf ~ oo 10 
1+54 (10) 


where [T,4 = Salad = Hyy, 8 = resonance integral = fy, ndr = Stall wadr, 
and S = overlap integral = SPapndr. The equality of the expressions for Waa and 
Typ and of the two resouagnec integrals is & result of the symmetry of the problem. 
By substitution of the hydrogen wave functions (of the 1s type) into the expressions 
for B and S, it eau be shown that @ is negative and S is positive. Further, when the 
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electron is in the region of nucleus A, to a first approximation, 47 ~ IZf,, where HW, is 
the Hamiltonian for the hydrogen atom. Eence, in aceord with equation (9): 
y Sta Hawadr StsHbade aa rt 

By = Cea tatate Leal vadr Ba (At) 
Svidr Swidr Svidr 
where #4 is the cnergy of the electron associated with a single positive nucleus, 
Now ya, which is an exact solution of the Schrédinger equation for the hydrogen 
atom, can be so chosen that Sy4dr = 1. Therefore, 





Ha ad TT aa 


wad from (10): 
/ oats (12) 


Since @ is Jess than zero and S is greater 
than zero, J! is less than #4. The ealeu- 
lation shows that the energy, J#, of the 
electron is lower when the electron is as- 
sodiated with two hydrogen nuclet than 
when 1 is associated with one nucleus 
(where its energy is then Hy). Conse- 
quently, bonding can be said to have oe- 
surred. The integral S is a measure of 
the extent to which the hydrogen-like 
orbitals of atoms A and B overlap to form 
the molecular orbital. According to equa- 
3 ; ; ; , tion (12), the greater the amount of over- 
Raw (29) lap, the lower HF will be, and hence the 
Fig. 5. Energy diagram for bonding (solid greater will be the binding energy. The 
curve) and antibonding (broken curve) siates of strongest, bonds are therefore formed Irom 
the hydrogen molecule-ion (8). The atomie  aromie orbitals that can overlap most 
parameter ao hag a value of ahout 0.58 A.; ¢ is . : . 
the cleatronic charge. effectively in the molecular orbital. A 
calculation of electron density using the 
molecular orbital resulting from overlap in the hydrogen molecule-ion shows that the 
electron spends most of its time between the two nuclei. The occupation by an elec- 
tron of a molecular orbital composed of two overlappmg atomic orbitals is analogous 
10 Lewis’ concept of a shared or covalent bond, since, in such a molecular orbital, the 
electron belongs to two atoms jointly. The concentration of the electron between the 
nuclei corresponds to Lewis’ procedure of indicating the existence of a bond joining two 
atoms by means of dots between them. 

The resonance integral, 8, corresponds roughly to an oscillation of the electron 
between the two nuclei, but has in fact no immediate physical significance. The 
substitution of actual wave functions into the energy expression (10) gives the energy 
H as a function of the internuclear distunce Rap. The addition of the Coulombic 
repulsion, ¢/Rap to # gives the total energy of the hydrogen molecule-ion as a func- 
tion of Han. A plot of this function is given by the solid curve in Figure 5. The 
minimum in this curve corresponds to formation of a stable molecule. The hydrogen 
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molecule-ion has been observed specbroscopically in the excitation of the hydrogen 
molecule, Although the calculation just given yields rather crude resulis, refinements 
on the method (for example, choosing more complicated wave functions than 1s stomic 
orbitals) have given results in complete agreement with experiment. 

Asimilar calculation of the energy of the system using Wu (eq. 6) leads to a value 
of >H,; that is, no hounding occurs, since the energy of the electron in this molecular 
ovbital is higher than when it is in the atomic orbital Wa. An energy diagram (dotted 
curve, Wig. 5) shows that Prr leads to repulsion of the nuclei at all distances Ran and o 
‘aleulation of the electron distribution shows that the electron is repelled from the 
region between the nuclei. For this reason, Yu is called an antibonding orbital; 
Yr is called a bending orbital, This possible for electrons in a stable molecule to be in 
antibonding states, and they must offen be placed in such slates to avoid conflict 
with the Paw exclusion principle. In such cases, the molecule is stable because the 
total energy of the bonding orbitals exceeds dhe latal destabilization due ta dhe ae- 
eupation of antibonding orbitals. 

In general, the form of a molecular avbital for a diatomic molceule is taken as: 


y= wa + AYR (13) 


where A is a constant, aud wa and Pp are orbitals of the atoms in the moleeule. 
For a molecule in which the bond is produced by an electron pair, the orbibal given 
by equation (13) will be oceupied by two electrons ty 
having opposed spins, No more than two such clec- 
trons can occupy this orbitel, or the exclusion principle 
would be violated. fn this manner, the Pauli exclusion 
principle preserves the fundamental significance of the 
clectron pair originally ascribed to it by Lewis. The 
ase where A = 1 corresponds to a homonuelear dia- 
tomie molecwe such as He, QO, ete. In such molecules, 
there is no uel displacement of the electronic charge the hydrogen molecule (13), 
toward either atom, and such molecules are nonpolar. phis orbital is composed of two 
For cases where simple single bonds are invelved, as 1) 1s atomic orhitils. 
T,, the bond is called “pure covalent.” 

IfA>1, #5 will be more important, and w will have more of the character of wp. 
The eleetrons in the bond will tend to become concentrated around atom B, and the 
bond will be polar, This oecurs when atoms of unequal clectron-attracting capabili- 
ties form a bond, asin WCl The unsymmetrical charge distribution leads to a dipole 
moment. Where \ becomes very large tndeed, » is hest represeuted by wy alone, and 
both electrons may be assigned to the atomic orbital belanging to B. This corres- 
ponds to ionization of the molerule A--B, and the transition to an clectrovatent bond. 

The shapes of the molecular orbitals that result from the LCAO treatment de- 
pend upon the shapes of the component atomic orbitals, and the way in which these 
orbitals are oriented in the molecule. In the hydrogen molecule, the 1s orbitals over- 
lup to give a molecular orbital which is symmetrical about the boud axis (see Fig. 6), 
Owing to tts symmetry, such a bond is called a sigma (o) bond. This terminology has 
no reference to the kinds of aéomie orbitals that make up the molecular orbital. 
Thus, two py atomic orbitals could overlap to form sigma bonds, aud the ceutral boud 
in hydrazine, H.yN--NTI, is of this type; that is, the electrons are in a molecular 
orbital which is symmetrical about the bond axis. However, another type of bond, 








Fig. 6. Molecular orbital for 
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called the pi (x) bond, is alyo possible, and an analysis of the bonding in the nitro- 
gen molecule will serve to show the nature of the latter kind of bonding. 

The electron distribution of a nitrogen atom is 1s°2s2p)2p,2p; In forming the 
nitrogen molecule, three 2p electrons are available for bond formation at each atom. 
The two 2s electrons on each atom remain in these very stable orbitals, and appear 
as unshared electron pairs that do not contribute to bonding (in fact, it can be shown 


that one pair of these electrons appears in a bonding molecular orbilal aud the other 








Fig. 7a. Molecular skeleton of the nitrogen molecule. This shows the sigma 
hond formed bY pz-p, overlap, and the alignment of py and p, atomic orbitals 
prior to overlap to form pi molecular orbitals. 


pair in an antibonding orbital, so that their contributions cancel) (3). The 2p, 
orbitals on each atom can form a molecular orbital by overlap, which will accommo- 
date both 2p. electrons with opposed spins. This corresponds to formation of a sigma 
bond. With formation of this bond, the 2p, and 2p, orbitals can be aligned in pairs in a 
parallel manner, as shown in Figure 7a, and these orbitals can overlap in pairs to form 
two molecular orbitals (see Fig. 7b). One of these molecular orbitals extends above 
and below the hond axis in the e-direction; the other molecular orbital extends at 
tight angles to the latter orbital. Eaeh of these molecular orbitals can accommodate 
tavo cleetrons with opposed spins, The molecular orbitals formed from the p, and py 
orbitals in this manner each have a node along the bond axis, corresponding to zero 
probability that electrons in these orbitals will be found aloug the bond axis. Orhbitals 
of this kind are designated as pi orbitals. In the nitrogen molecule, therefore, the 
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atoms are joined by one sigma bond and two pi bonds, which corresponds to the classi- 
eal formula :N==N:, 

It is clear from the above discussion thab the character of Ghe bonds occurring ina 
molecule depends apou the kinds of atomic orbitals that contribute to the molecular 
orbitals, Which atomic orbitals are involved in bonding depends upon the electronic 
states assumed by the atoms undergomg combination, Such an electronic state is 
often called a valence state. The valonce state of an atom may often. differ from the 
electronic state described in the periodic table. Our previous discussion indicated, 
for example, that the clectronic configuration of the carbou atom should be 1822s 
2p\2p,, Which predicates a valence of two for carbon. This is not in accord with the 
fact that the usual valence of this element is four. The required tetravalence of car- 
bon would appear if one of the 2s clectrous were promoted to the vacant 2p, orbital: 
1s228'2pi2n12p;. The possible existeuce of this state has been confirmed by spectro- 
scopie studies, which also show that this valence state is 96 kg.-cal./mole above the 
normal [s?2s"2n? state. Nevertheless, two more bonds are possible from the pro- 
moted state than frem the nermal state, and the large gain iu bonding energy more 
than compensates for the energy required to reach the 
promoted state. Towever, the valence state of carbon 
is not completely settled by this argument. Overlap 
of the atomic orbitals from the promoted state with 
hydrogen ls orbitals would yield three C—H bonds 
at motual right angles (involving the three perpen- 
dicular 2p orbitals) and oue undirected valence (involvy- 
ing the 2s orbital), However, in methane, the bonds are 
kuewn to be directed toward the corners of a tetrahedron. If, instead of using these 
cdlementary atomic orbitals for overlap, linear combinations of them are employed, 
the tetrahedral nature of the carbon atom appears. Since there are four orbitals, 
four lincarly independent combinations: . 


Wi = a8 + bps + eypy + dina, @ = 1,2,3,4 


are possible. When this is done, and the coefficients of the expanded wave function 
have been determined (15), it is found that these four orbitals form angles of 109°28' 
to each other. Any atomic orbital which is derived from a mixture of elementary 
atomic orbitals is called a hybridized orbital. In the example just given, the four 
orbitals are called sp? hybrids. The four hybridized orbitals now replace the original 
sand p orbitals, and bonding to other atoms occurs through overlap of these hybridized 
orbitals with orbitals from those atoms, 

Confusion between the processes of hybridizing atomic orbitals and forming molec- 
War orbitals is possible, sinee each involves taking linear combinations of atomic or- 
bitals. The hybrid orbital is composed of atomie orbitals associated with the same 
atom, The molecular orbital is made up of atomic orbitals associated with different 
atoms. 

UWybridization has another consequence, which is at least as important, as the 
preservation of the correct stereochemistry: bonds formed from such orbitals are 
stronger than those formed from the elementary orbitals. Bond strength, which is 
the amount of energy required to separate completely two atoms participating in a 
bond, is determined by the extent to which two atumic orbitals can overlap to form a 
molecular orbital, This in turn depends upon the extension of the atomic orbitals 





Fig. 7b. Molecular orbitals in 
the nitrogen molecule. 
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into space. In Figure 8 is shown the projection of an sp* hybrid orbital (solid curve) 
on which is superimposed for comparison purposes the projection of ap orbital (broken 
curve); the nucleus of the atom is to be imagined ad the origin. Sinee the hybrictized 
orbital has greater extension into space than the p orbital, to a first approximation, 
averlap with another atomic orbital is more efficient for the hybridized orbital, 

There are other ways in which the atomie orbitals of the carbon atom can be hy- 
bridized, and these lead to different valence states. TLybridigzation of a 2s orbital 
with p, aud p, orbitals, the sp? hybrid, gives three coplanar orbitals of equal bonding 
strength, directed at 120° to each other. Three of the four valence electrons can go 
into these three orbitals; the fourth cleetron remains in the 2p, orbital. The spatial 
distribution of these orbitals is shown tn Figure 9a. Since the hybrid receives con- 
tributions from p, aud p, orbitals, the plane of the hybrid must be the awy-plane; 
the p, orbital is therefore perpendicular 10 the plane of the sp? hybrid, In Figure Qb is 
shown the consequence of hybridization 
of uns and a py orbital: two linearly 
independent combinations of these tivo 
orbitals are possible, giving hybrid orbi- 
tals that ave collinear and oppositely di- 
rected. The p: and p, orbitals, which 
were not utilized in hybridization, remain 
perpendicular to each other, and to the line 
of the sp hybrid. 

The valence states of two carbon 
atoms at a double bond can be considered 

Fig. 8. Comparison of an sp* hybrid (solid to arise from sp? hybridization. Using 
curve) and a p orbital (broken curve). The ethylene as an example, a moleculw orbital 
actual shape of the orbitals is obtained by rotat- . , 
ing these curves about the w-axis. can be formed by overlap of hybrid sp? 

atomic orbitals, one from each carbon 
atom, Occupation of this molecular orbital by two electrons with opposed spins 
gives asigma bond, Two more sigma bonds can be formed from each carbon atom 
by overlap of pairs of sp* hybrids with 1s orbitals from hydrogen atoms. This estab- 
lishes the basie molecular skeleton and sigma bond system (see Fig. 10a). At each 
carbon atom there remains a p, orbital occupied by one electron. These p. orbitals 
can overlap by becoming oriented in a parallel mamer, and the resulting pi orbital 
can he occupied by the two p, electrons. The distribution of bonds is shown in Figure 
10h. Because the p, orbitals become parallel in order to form the pi-molecular orbital, 
and because of the coplanarity of the three sp? hybridized bonds, the ethylene mole- 
cule as a whole must be coplanar, Furthermore, in order to twist the carbon atoms 
relative to each other, the pi bond must be broken. This energy barrier prevents free 
rotation, which accounts for the existence of isolable eis and trans isomers. Since the 
overlap of the p, orbitals is smaller than overlap of atomic orbitals in sigma orbitals, 
the eleetrous in the pi orbital are less constrained than those in sigma orbitals, and 
this high mobility of the electrons in a pi bond accounts for the unsaturated character 
of olefins. 

In acetylene, a sigma boud can be formed between the carbon atoms by overlap 
of one sp/hybrid orbital from each carbon atom, The remaiuing sp orbitals are used 
in sigma-bond formation with hydrogen atoms. The remaining electrons are in p, 
and p; orbitals, which overlap in pairs to form two pi orbitals. Beeause of the natura 
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af the component orbitals, these two pi orbitals ave at right angles, and have nodes in 
the bond axis (see Fig. 100). 

Hybridization may occur in elements obher than carbon. The electronic state 
of oxygen is Is2s2p2p)2p). Bonding from this state can oeeur by overlap of the 
singly occupied py and p, orbitals with other atomic orbitals, The theoretical bond 
angle around the oxygen atom is therefore 90°. The observed bond angle in water 





(a) 





(hh) 


Fig. 9. Distribution of orbitals about a carbon atom. (a) In an 
sp? hybrid state; (b) in an sp hybrid state. 


is 105°. This has been accounted for in terms of repulsions between the hydrogen 
nuclei, which constitute positive ends of dipoles, It appears that this repulsion is 
not sufficient to account wholly for the spread of the bond angle, and a certain amount 
of hybridization involving the 28 orbital exists to give “partial” sp? hybrids (8). The 
nitrogen atom, with the electronic configuration 1s°2s?2p)2p}2p) may bond with three 
hydrogen atoms to form ammonin, The bond angle will be 90° if only the p orbitals 
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are involved, the unshared electron pair remaining in the 28 orbital. As in the case of 
water, the boncl angle is spread to 105°, and likewise, the spreading is attributed to a 
combination of interatomic repulsions and a small amount of sp* hybridization. When 
ammonia forms a salt, NILE X-, ali four bonds in the ammonium ion beeome equivaton, 
and the valence state changes from one mvolving p orbitals wilh a small amount, of 








ww Can, 
O O 
{a} (b) («) 


Fig. 10. (a) Molecular skeleton of ethylene showing p, atomic orbitals prior to overlap.  (b) 
Ethylene, showing the pi electron bond. (ce) Distribution of the iwe pi electron bonds in acetylene 
(18a), 


sp* character to one involving four sp? hybrids. ‘Phe tetrahedral nature of the am- 
monium nitrogen atom has been confirmed by the isolation of optically active forms of 
asymmetric quaternary ammonium salts, RR’R’R'/N+X~ (see Stereocheméstry 
(ergamic)). With the formation of the fourth bond, the covalence of nitrogen becomes 
saturated, since further houding must involve the high cnergy 3s orhital. 

Tu phosphorus, which has an onter shell similar to nitrogen, 38°3p*, tricovalency 
aceurs as in phosphive, PHs, or the phosphorus lrihalides, PX; Like nitrogen, phos- 
phorus can also show tetracovalency, as in the ion [PCl]+, which is present in crystals 
of PCL. Unlike nitrogen, phosphorus can also show pentacovalency, as in PF; As 
mmphed above, it is doubtful that phosphorus is 
pentavalent in PC], which appears to be ionic in 
character. In the ease of PF,, a 83d orbital js 
probably utilized for formation of the fifth covalent 
bond, since the energy separating the 3d and 3p 
othitals is much less than that separating the 2p 
and 3s orbitals in nitrogen, where pentacoyalence 
was said to be impossible. The initial bonding 

; ae , State in phosphorus pentafluoride is probably 
Fig. 11. Spatial Aistribution of bonds in 35'3p}39,3p,3d'; that is, a 3s electron is promoted 
* to the 3d level. Hybridization of the five singly 

occupied orbitals gives five equivalent orbitals arranged in a trigonal bipyramid, so 
that PI’; has the configuration shown in Figure Lt, with three coplanar P—~F bonds 
forming angles of 120°, and two collinear P—F bonds perpendicular to the plane of 
the first three (22). The case of phosphorus illustrates one source of the variable 
valence exhibited by elements of higher atomic number. Differences in the energios 
of subshells with higher values of I (p, d, f, . . . sholls) become less as n increases, 
For this reason, promotion of electrons from lower filled levels to higher unoccupied 
levels (as in phosphorus) occurs more readily with increasing n. Consequently, ele- 
ments after the first two rows of the periodic table are more likely to show a number 
of different valences, and variable valence becomes the rule rather than the exception. 

Boron, with the normal configuration 1s325°2p%, can assume the valence state 
13°2s'2n32p), from which it will form bonds using sp? hybrids. Thus BF; is a planar 
molecule with a bond angle of 120°. Boron trifluoride can coordinate with another 
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fluoride ion to form By, and in so doing, boron attains the noble gas configuration. 
The additional electron pair might be expected to go into the vacant p, orbital of the 
boron atom, but bhe presence of the added pair permits sp? hybridization to occur, and 
the BFy ion 3s tetrahedral. Ammonia and boron trifluoride, each of which can attain 
more stable bonding stales by donating ov receiving electron pairs vespectively, are 
simple examples of a base and an acid, according to Lewis’ general definition (see 
A cid-base systems). 

An alternative approach to the application of quantum mechanics to molecules is 
embodied in the valence bond, or VB, method (15,16), The VB method combines 
atomic orbitals m a somewhat different way than the molecular orbital method, 
although both yield the same results in the highest approximations. If two widely 
separated atoms A and B each have associated with them electrons 1 and 2, respec- 
tively, i, can be shown that the wave function for this sytem of noninteracting atoms is 
WaCl}¥a(2) where the first factor is the wave function of electron 1 around nucleus A, 
and the second factor is the wave function of electron 2 around nucleus B. It is now 
assumed that the product form of the wave fumetion for this system is preserved as the 
atoms A and B approach each other, and begin to interact. A calculation of the en- 
ergy shows that for infinite separation, Z = Hy + Hp, but that # decreases as the in- 
ternuclear distance decreases. However, sitce the wave function for the system of 
isolated atoms is rather a poor approximation to the actual wave function when the 
atoms are close enough to interact, the caleulated value of / remaims much larger than 
the experimental value, On the other hand if a term corresponding to exchange of the 
electrons between the nuclei is added to the wave function, so that: 


W = Wal) ¥n(2) + Wa(2)¥n(1) (14) 


a much better value of {7 is obtained, The two terms in equation (14) arise from the 
fact that we cannot distinguish between the two eleetrons. Even better accord with 
the observed value of 7 is obtained if terms such as wa(1)Wa(2) and ya(1)ya(2) are 
added to the wave function. These latter terms correspond to structures in which 
both electrous appear on one nucleus, and henee represent ionic structures. The 
two terms appearing in equation (14), taken together, represent a purely covalent 
structure, The correspondence between terms and structures is: 


A:B A: Bt At: B- 
Pa(l)yn2) -+ a2) a(t) va(Lva(2) vs(1)va(2) 


These observations imply that a calculation of the energy of a molecule in which ouly 
covalent structures are cousidered is likely to lead to results that do not agree with 
experiment, J‘urthermore, the electronic configuration of a molecule is poorly rep- 
resented by the classical valence bond structures, and other (ionic) structures must also 
be taken into aecount. This does not imply that the electron distribution in the mole- 
cule AB corresponds to any one of the structures given above, but rather that the elee- 
tronic distribution is an average of all three structures. This is a restatement of the 
well-known resonance principle: if several structures can be written for a molecule that 
differ ouly in the distribution of electrons, then the actual electron distribution will not 
correspond to any of these structures, but will be a combination of all of them. A 
molecule that can be represented in this manner is called a resonance hybrid. 

Tu order to obtain the most general expression for the wave function of the mole- 
enle A:B in valence bond terms, equation (14) must be modified to read: 
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v = alta bn2) + va2)¥o()] + G@va(lva2) + edn) on(2) (15) 


where «, cz, and e; are constants, The squares of these coefficients are roughly pro- 
portional to the “percentage contribution’? which the corresponding terms make to 
the wave function. Analogously, the squares of these coefhicients are roughly pro- 
portional to the percentage contribution that the corresponding structures make to 
the resonance hybrid. The magnitude of these cocfficients (and hence their squares) 
is velated to the stability of the vartous contributing structures: struetures that are 
energetically more favored will be represented with relatively larger coefficients in 
equation (15}. Tor example, in hydrogen chloride, the chlorine atom, owing to its 
high clectronegativity relative to hydrogen, will have a greater attraction for elec- 
trons. Thus the structure H+C)~ is energetically more favored than H~-Cl+, and 
the ionic term vai ven(2) would have a much larger coefficient in the wave function 
than Yu(1)yr(2). Consequently, the wave function for this molecule is best approxi- 
mated by: 


Wao. = ¢ifbu(L)wer(2) + vul(QWall)] - ewer) vol2) (16) 


where, owing to the relative smallness of its coefficient, the term which assigns both 
electrons to the hydrogen atom has becn omitted. Tu these terms, the structure of 
hydrogen chloride is represented as: 


H--Cl ——> Etc) - 


where the double-headed arrow indicates that the actual electron distribution is in- 
termediate between the extreme structures, On this basis, granting the importance of 
contributions of the ionic state in HCI, the polar nature of the bond is accounted for. 
In general, polarity of a bond in valence bond language is ascribed to contributions of 
ionic structures to the resonance hybrid. If such tonic structures cancel in the hybrid, 
the molecule will be nonpolar; in the hydrogen molecule, which can be represented as 
follows; 


H+II~ +——> IL-—H <--> II -Tit+ 


the contributions of the ionic structures cancel: these two structures are equal in eu- 
ergy, and make equal contributions. The characteristic of polar moleeules is that: 
oppositely polarized structures do not make equal contributions, owing to energy 
differences in the structures, as discussed above. 

The comparison of the molecular orbital and valence bond treatments of the polar 
single bond is instructive, In the molecular orbital treatment, it is assumed initially 
that the orbital is distorted in such a way that electrons have a tendency to accumulate 
on one atom. No superposition of structures appears here, because this result was 
obtained by increasing the relative size of the coefficient of one of the contributing 
atomic orbitals in the LCAQ. In the valence bond treatment, the contributing 
ionic structure appears, but the effect of adding this structure, as equation (16) shows, 
is to weight the orbital toward the more electronegative atom. In the final analysis, 
therefore, these two methods give quite similar wave functions. 

The concept of resonance reaches its greatest qualitative utility in application 
to molecules (particularly organic molecules) which contain double bonds, especially 
conjugated double bonds (15,30). For the simplest conjugated oletin, hutadiene, the 
following structures can be written: 
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According to the resonanee principle, the cleetronic distribution in this molecule must, 
he an average of all three of these structures. Accordingly, the central bond in buta- 
diene must have a certain amount of double bond character. This is borne out by 
electron diffraction data, which show that this bond is somewhat shorter (1.46 A.) 
than a normal C---C bond (1.54 A.), having shifted in the direction of the length of a 
‘arbon-carbon double bond, which is 1.34 A. in ethylene. The tendency for a double 
hond to form at the center of the molecule is closely related to the occurrence of 1,4 
addition, Tt. is remarkable that the distribution of bonds given by this modern picture 
is very close in some respects bo that pictured by Thiele in 1899, as desevibect earlier. 

The structure of benzene is best represented as a hybrid of the two covalent strte- 
tures proposed originally by Kekulé, and of a number of ionic structures: 


® cc) 
OC) ——_—_——_» CO os O <<» (° —— 
Qo 


Because the lenic structures involve charge separation, and are therefore high in 
energy content, they will make relatively minor contributions; in fact, the contribu- 
tion of the two Keokulé structures is about 80%. There is a great, deal of physical and 
chemical evidence supporting the electron distribution in hengene as described by 
resonanee. Although the structure of benzene is commonly written with double bonds, 
the substance itself shows few of the characteristic properties of olefins and undergoes 
substitution rather than addition. The bond distance between neighboring earbon 
atoms is 1.30 A., aud is uniform around the ring. This bond distance corresponds ta 
that of neither a smgle nor a double bond, and the fact that all bond distances are 
equal shows that benzene cannot even be approximated by one classical structure. 
The heat of formation of benzene is.also anomalously high, and this supports the non- 
classical distribution of electrons prescribed by resonance theory, as the following ar- 
eument shows. 

From tables of bond energies, computed from thermochemical data for simple 
compounds such as methane and ethylene, it is possible to calculate the heat of forma- 
tion of benzene, assuming that it consists of three C==C, three C—O, and six, C—H 
bonds. Although this type of calculation gives quite accurate results for nonresonat- 
mg molecules, in the case of benzene the caleulated heat of formation is about 40 keg.- 
cal./mole too high, which is well beyond experimental crror, It is clear that such a 
deviation between computed and measured values might have been expected, since we 
have tndicated that, the classical structure of henzene, which is the hasts for the catcula- 
tion, docs not correspond exactly to the actual eleetron distribution. The deviation 
between the beat of formation as calculated from bond energies for classical structures, 
and the observed heat of formation ts called the resonance energy. This quantity is a 
mensure of the extra stability conferred woon a molecule as the result of resonance, 
In quantum mechanics, resonance energy appears as the amount hy which the energy 

"fof equation (9) is lowered as terms corresponding to the various resonance structures 
are itroducect into the approximate wave function (see p. 569). The justification for 
the carrying over of the mathematical operation of adding terms to the wave function 
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into the operation of superimposmg resonance siructures is based on a theorem the 
proof of which can be found in Pauling’s book (16); the energy of a molecule calculated 
from equation (9) can never be lower than the observed value, provided that the cor- 
rect Hamiltonian (AD) has been chosen, Fora given A, the best wave funetion is one 
that minimizes 7. he fact that inclusion of several structures into the caleulation 
of the energy of benzene leads to a lower value of the molecular energy implies that the 
actual structure of benzene is not the classical one, but is better represented as a reso- 
nance hybrid. 

The preceding analysis serves ay a qualitative justification for the resonance 
principle. However, a closer analysis shows, oddly enough, that the calculated value 
of H converges more rapidly to the observed value than the approximate wave function 
converges to the actual wave function, In other words, values of calculated from 
equation (9) tend to be more aecurate than the wave functions used in obtaining them. 





ts 
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(a) (}») (ec) (d) 

Fig. 12. (a) Distribution of pz atomic orbitals in benzene prior to overlap. (b), (c) Two 
different ways of conbining the pz atomie orbitals in pairs to form pi molecular orbitals. These 
structures correspond te the classical structures of benzene ({3x). (ad) The six-camponent pi 
molecular orbital (13b). 


For this reason, the electron distribution which is obtained from the approximate 
wave function is more likely to be in error than the value of the energy corresponding 
to the superposition of states dictated by the approximation. This is the reason the 
use of the resonance principle is attended with the requirement that all possible likely 
electronic structures be included in the resonance hybrid, although even the use of this 
requirement does not guarantee a fully accurate representation of the true electron 
distribution in a molecule. 

The application of the molecular orbital approximation to benzene leads to a 
picture of the electron distribution that is analogous to that discussed above. The 
valence state of a carbon atom in benzene is that of an sp? hybrid (this is also true in 
the resonance treatment). The sigma bonds in the ring are formed by overlap of 
pairs of these orbitals. The remaining sp* hybrids (one at each carbon atom) are 
used to form sigma bonds to hydrogen atoms. As shown in Figure 12a, 2p, orbitals, 
each containing one electron, are left at each carbon atom. There are’several ways in 
which pi orbitals may be formed from these p, orbitals. ‘Two ways are shown in Fig- 
ures 12b and 12c, in which adjacent pairs of p, orbitals have formed molecular orbitals 
containing two pi electrons. These structures correspond to the Kekulé structures for 
benzene, The wave function for such a combination of atomic orbitals would be 
av + coy, and there would be three such (molecular) orbitals for structures shown in 
Figures 12b or 12c. However, alternative orbitals are possible; namely, those of the 
form eiy4 + cae + Cals + cafe ++ cos + ess: that is, molecular orbitals to which all 
six pz orbitals around the ring contribute. Calculation shows that the total energy of 
six electrons in three of these molecular orbitals is lower than that of six electrons in the 
three two-component molecular orbitals, which comprise. a Kekulé structure. The 
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electron distribution corresponding to the six-component molecular orbital is pictured 
in Figure 12d. Molecular orbital theory predicts that the delocalized orbital will leacl 
to a more stable molecule than cither of the structures in Figure 12b or 12c. ‘The 
difference in cnergy between the delocalized molecular orbital, and the three localized, 
two-component molecular orbitals is called, appropriately, the delocalization energy. 
Obviously, delocalization energy and resonance energy are analogous. The picture of 
electrou distribution provided by this treatment is essentially that given by the yal- 
enee bond resonance treatment, 

The concept of resonaice is not a necessary adjunct to chemistry, nor a necessary 
outgrowth of quantum mechanics. In molecular orbital theory, for example, no 
notion related to resonauce occurs. Both valence bond and molecular orbital treat- 
ments give pictures of electron distributions in molecules which tn some eases (for 
example, benzene) are quite different from the classical ones. Molecular orbital treat- 
ment ascribes this to a difference between the orbitals implicit m classical assumptions 
tid those that actually exist within the molecule. This necessarily leads to pictures of 
electron distributions that are nouclassical. Resonance theory, on the other hand, 
recognizes the utility of classical structures as a convenient, and often accurate, 
symbolism, and secks to amend inadequacies in classical representations in terms of the 
stperposition of a number of classical structures. It Is not surprising, therefore, that 
the greatest qualitative application of quantum mechanics to chemistry has been made 
in terms of the resonance bypothesis, since this hypothesis does the least apparent 
violence to traditional structures which are deeply established in chemistry. On the 
other hand, the situation is reversed in the quantitative application of quantum me- 
chanics to complex molecules. Were the molecular orbital treatment is somewhat more 
easily managed than the valence bond (resonance) treatment. 

Croups that possess unshared electron pairs, when attached to an aromatic ring, 
or to tm atom participating in a double bond, show interaction with the pi electron 
cloud, Jn resonance language, the structure of vinyl chloride, for example, is. best 
represented as a resonance hybrid: 


CIh=CH—Cl ‘GH, -CH=CI-? Cy = CELI 
(XTITa) (XIIIb) (XTTIe) 
Resonance between structures CXIIIa) and CXTIIe¢e) constitutes the normal resonance 
present in a molecule such as ethyl chloride, according to whieh the electrons in the 
C-—-Cl bond are, on an average, displaced toward the chlorine atom. On this basis, 
since ethylene itself has zero dipole moment, the dipole moment of vinyl chloride 
might be expected to be the same as that of cthyl chloride (2.05 Debyes). However, 
contributions of structure CXTITb) produce a charge separation which is in opposition 
to that, of structure (XTLJe), and lowers the moment of vinyl chloride relative to ethyl] 
chloride to a value of 1.44 Debye units. A similar situation exists in chlorobenzenc, 
whose dipole moment (1.92 Debyes) is lower than that of cyclohexyl chloride (2.07 
Debyes), owing to contributions to resonance of ionic structures such as the following: 


cle ce 


io] 


e 


As a result of such resonanee, the C—Cl boud in each of these examples must be con- 
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sidered Lo have a certain amount of double-bond character. This is supported by bond 

distance Measurements: the normal C-—Cl distance is 1.77 A. in chlorobenzene and 
viny! chloride, the C—Cl distance is 1.69 A. This theory of mmteraction of substitu- 
ents with pi electrons has assumed great importance in the theory of aromatic stb- 
stitution, and the properties of substituted aromatic nuclei (5,29). 
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VALEROIDINE, CyHasNO;. See Alkaloids, Vol. 1, p. 480. 
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VALERONITRILE, CTLA(CH:),CN. Sea Netriles and tsocyanides, Vol. 9, p. 354. 
VALINE, (CTL, 2,CHCIUNTL)COOT. See Amino acids, Vol. 1, pp. 719, 720. 
VALONIA. See Tanning materials, Vol. 18, pp. 581, 583, 585. 

VALVES. See Pipes and valves, Vol. 10, p. 714; Pressure technique, Vol. 1, p. 111. 
VANADATES. See Fanadium compounds. 


VANADIUM AND VANADIUM ALLOYS 


Vanadium, V, atomic number 23, atomic weight 50.05, belongs to group V in the peri- 
odie system in the subgroup that contains niobium (columbium, ¢.r.) aud tantalum; 
it is between titanium and chromium horizontally. Six isotopes have been found, 
covering the range of atomie weights 47-52, Vanadium is a gray-colored metal, soft 
in the pure state, crystallizing in the body-centered cubic system. Mineral sources are 
principally the more or less oxidized and altered sulfide ores occurring in the Peruvian 
Andes, and the equally complex minerals of the Colorado Plateau, including carnolite, 
roseoelite, and others of lesser industrial importance, 

Vanadium was first. diseovered in 1801 by M. del Rio in a Mexican lead ore. 
He named the clement “erythronium,” but described if inadequately. When the 
discovery was challenged, del Rio accepted the explanation that erythronium was 
merely au inpure chromitun. Tn 1830, N. G. Sefstroem isolated a new metal from 
slags of iron-smelting operations at Taberg, Sweden. Because of the beautiful colors 
of tta salts, he named the clement vanadium, in honor of the Norse goddess of beauty, 
Freya Vanadis. In the same year, Woehler was able to show that erythronium and 
vanadium were identical, During the 19th century, Berzclius and Roseoe worked 
extensively ou the chemistry of the element. 

At the tin of the contury, Moissan, Hélonis, Arnold, and also Sankey and Smith 
pioneered the use of vanadium in steel. 

Commercial development of vanadium followed the metallurgical studies (priu- 
cipally iu ferrous metallurgy) of Choubley (1896), Hiélouis (1897), Arnold (1900), and 
Guillet (1904). This work resulted in armor plate of superior resistance, in tool 
steels of proatly improved cutting capacity as well as wear-resistance, and in a sub- 
stantial increase in useful strength (that is, elastie limit, yield strength, etc.) of con- 
structional steely, without sacrifice of toughness. More recently, Marden and Rich 
(1927), Gregory, aud MelKechnie and Seyholt (1950), and others have been active in 
the production of pure vanaciim metal (4,8,9). 


Properties 


Owing to the great. affinity of vanadium for oxygen, carbon, and nitrogen, it is 
extremely difficult to produce the metal in the pure state. For that reason, the physi- 
cal constants have only recently been rather precisely determined and they may still 
be subject to some modification. 

M.p., 1710 +: 25°C; b.p., 3000°C.; sp.gr., 6.17; sp.heat, 20-100°C., 0,12 cal./ 
(gram)(°C.); lincar coefficient of thermal expansion, 20-720°C., 9.7 = 0.3 & 1078/°C; 
thermal conductivity, 40 100°C., 0.074 cal. /(sec.) (sq.em.) (°C./em.); eleetrical resist- 
ance, at 20°C,, 24.8 microhm-cem. ; hardness, annealed, 76 Rockwell B. 

High-purity vanadium is very stable. The metal has a remarkable resistance to 
nov-oxidizing acids, sea water, etc. It is, however, attacked by oxidizing acids, Va- 
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nadium oxidizes rapidly at over 675°C. The metal also combines readily with nitrogen 
and with carbon to form nitrides and carbides. For racthods of analysis see Vanadium 
compounds. 


Occurrence 


Just about the time when the usefulness of vanadium as an alloying clement for 
steel began to be recognized, Riza Patron discovered in 1905 the first large deposit of 
rich vanadium ore in the Peruvian Andes. Previously small amounts of vanadium 
had been obtained from Spanish and Swedish sources, This new deposit, the Mina 
Ragra, at an altitude of 16,000 ft., responded to the demand of industry at. a critical 
moment, and provided the bulk of world requirements of vanadium for many years, 

The element is widely distributed throughout the lithosphere, but at a low con- 
eeutration, which has been estimated at 0.07% of the lithosphere. 

The current production of molybdenum and tungsten is substantially greater than 
that of vanadium, but this is due in part to the high degree of dissemination of vana- 
dium and the limited number of deposits of high concentration and large volume. 
Vanadinm is a constituent in granites and other igneous as well as seclimentary rocks, 
as a replacement element in the mincrals, where it takes the position of iron, tin, alu- 
minum, and phosphorus, depending on its valence. Ii; is thus generally a concomitant 
clement in iron and titanium ores, bauxite, and phosphate rocks. It occurs in iron 
ores from mere traces up to occasionally more than 1%. Such ores are found in many 
regions, among others in Scandinavia, France (minette ores of Lorraine), India, Japan, 
Chile, Canada, and the United States (Adirondack Region). 

Its wide distribution may be one of the reasons for the importance that vanadium 
has in biology. Tt occurs in the blood of holothurians, ascidians, and other aquatic 
life, Sea water is said to contain about 0.8 gram of vanadium per thousand cubic 
meter. The beet root, the vine, the beech, and the oak also contain traces of the ele- 
ment. The occurrence of vanadium in the ashes of coals, oils, and asphalts reflects 
this biological concentrating action. 

Vanadium has also been detected in meteorites and in the spectrum of numerous 
stars as well as that of the sun. 


Ores 


The most important sources of the metal are the sulfides—oxidized to a major or 
minor extent—and vanadates of the Peruvian Andes, the carnotite-roscoclite ores of 
the Colorado Plateau (“four state” area), the lead-zinc-copper-vanadates which occur 
particularly in southern Africa, and to a lesser degree the chlorovanadates of Mexico 
and the southwestern U.S. 

More than 65 vanadium minerals have been described (2,3). All but 5 or 6 are of 
secondary origin, formed during oxidation or weathering, The primary minerals are: 

(J) Patronite, VoSs -- nS—found only at Mina Ragra, Peru, the largest known 
vanadium deposit. Tt is a greenish-black amorphous mineral, usually carrying some 
iron, nickel, molybdenum, phosphorus, and carbon. 

(2) Bravoite, (Fe,Ni,Co,V)5,—found in small quantities at Mina Ragra. Braasy 
cubes of metallic luster with 25% Fe, 15% Ni, 5% V, sometimes Co, 45% 8 

(3) Sulvanite, 3CueS. V2S;—found in Burra~Burra, South Australia, and in Utah. 
Bronze-yellow crystals containing 51% Cu, 14% V, 35% 
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(4) Davidite—found at Mt. Painter, South Australia. A vanadium hearing ti- 
tanium-iron mineral, 

(7) Rosecoclite, KV AD (AIST) OnW(OH, Fe found in a number of rich gold- 
bearing veins, and importantly as 2 secondary mineral in the ale and Utah sand- 
stones. A micaceous mineral containing: 20%, VeOs, 7.5% yO, HS) AlOs, 2% Mg, 
1.5% WeO, 47.5% SiOs. 

(6) Montroseite, (V,Fe)O(OF). 

These primary minerals have been widely altered as they were affected by the 
oxidizing action of the upper lilbosphere. The following is a regional listing of the 
principal vanadium minerals. 

Metallic veius of Mexico, New Mexieo, Arizona, Nevada, Argentina, Spain, 
Turkestan, South West Africa, and Rhodesia carry some of the following minerals: 
vanadinite, Pb,;(VO),Cl;  deseloizite, Ph(Zn,CnyVOWOH); mottramite (enprodes- 
clotzite, psittacinite), Ph(Cu,Zn)VO.(OH). 

Mineral deposit of Peru: hewettite, CaO.3V.0;.9H.O; melanovanadite, 2CaO. 
2V201.3V205; pascoite, 2C'aO .8V.05.11F20, 

Uranium-bearing sandstones of Colorado, Utah, and Arizona: carnotite, KO. 
2U0;. V205.38ELO; tyuyamunite, Ca(WO2).(VOs).5-9H20; roseoclite; hewet-tite, 
CaQ .3V.05.9H.0; volborthite, Cu;(7Oo2.3H.0; ferganite, 27e.Q,.2V.0;.5H.0; 
rassite, CaQ.VoO,.41.0; moutroseite; rauvite, CaO .2U0.5VoO;. 16HL0(?). 

Tergana valley (Central Asia), Turkestan: tyuyamunite; volborthite. 

Where vanadium is mined, it nsually oceuts in a number of associated minerals, 
as indicated in the foregoing. Groups of minerals are concentrated and treated 1o- 
gether, 


TABLE J. Vanadium Ore Production in Metric Tons of Vanadium Content. 














Country 
— Northern South West 
Peru ThS.A, Rhodesia Africn 
— ; "Principal wo ~ 
Carnatite ant , ‘Worl 
Venr _Patronite: rosvoclite® Pb-Zn-Cu | variates production > 
140 [21-4 981 3808 428 3024 
W412 1010 2014 388 453 2014 
194-4 51-4 1600 2544 385 2757 
1946 322 577 68 430 1403 
{048 BL! Not availahile 7; 187 Not available 
1950 436 Not available ~— 295 Not available 
1951 49 Not available 87 520 Not available 
1952 450 Not available 4 624 Not available 
1958 _ Not wail: vole : 


" And vanadiferous sandstone. 
» Hixelusive of Russia. 








Statisties of vanadium production have heen deficient durmg the early period 
and in recent years clothed in secrecy, a8 far as carnotite production is concerned. 
Peruvian production reached a maximum with 1214 metric tons of contained vanadium 
in 1940; U.S. production was reported at a maximum of 2534 metric tons in 1943; 
Northern Rhodesia and South West Africa had their respective production peaks in 
1929 with 565 metrie tons and 1921 with 650 metric tons of contained vanadium, 
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Current trends are indicated by Table I whieh is based on U.S. Bureau of Mines data. 

Tn addition to mine-product sources of vanadium, by-products yield supplies of 
moderate importance. ‘There are vanadium-bearing slags obtained in the bessenieriz- 
ing of vanadium-containing pig iton or from open-hearth slags produced in the refining 
of such irons, Other vanadium-rich by-products are produced in the reduction 
of the complex copper-lead-gine vanadates which occur with other minerals of these 
metals. A small percentage of the total vanadium marketed is obtained from the 
combined soot and ash deposited m the tubes of Scotch-type marine boilers, as well as 
from slags formed in many types of boiler settings, It is necessary, of course, that the 
tuel oil be of relatively high vanadium content, as are the oils of Venezuela. Reeovery 
of vanadium from such sources is practiced more widely in Europe than in the U.S, 
Small amounts of vanadium are recovered also in the processing of phosphate rock 
during the production of fertilizers. 

Over 90° of the vanadium produced is consumed in the steel industry, where the 
metal is used in the form of ferrovanadium, Only about 5% of the available supply is 
consumed in the form of vauadium chemicals and by a Lurge variety of industries. 
Small quantities are used hy the nonferrous metal industry. 


Extraction 


Vanadium is most generally extracted from its principal ores and by-produet 
sources by roasting with common salt to sodium vanadate which is leached out with 
water. The residue may be leached again with dilute sulfuric acid yielding a com- 
bined extract which can be precipitated with sulfuric acid, in various manners, 
to obtain an oxide concentrate. This product is commercially known as “vanadium 
pentoxide,” and ordinarily analyzes over 80 per cent V2Os;, although it may carry 
enough Na:O and/or CaO to be actually a sodium and/or calcium hexavanadate. 
When such concentrates are redissolved in a soda solution and maintained in the 
pentavaient state, the addition of ammonium chloride will precipitate ammonium 
metavanadate, NHVO;. This white crystalline powder may again be calcined to 
give a pure vanadium pentoxide suitable for reduction to vanadium metal, 


PRODUCTION OF VANADIUM ALLOYS 


Reduction of vanadium from ores, slags, chemically produced compounds such 
as V.Os, ete., is accomplished with earbon, with silicon, or with aluminum. The 
practice employed depends in part on the product desired and its intended use. The 
products ordinarily carry between 35 and 80% vanadium along with differing amounts 
of other elements, more particularly excess of the reducing agent, the balance being 
iron. Very small quantities of more or less pure vanadium metal are also being made. 
Table IT shows compositions of the various grades of ferrovanadium and vanadium. 

Reduction with Carbon. Carbon, the cheapest reducing agent, is very difficull 
to adapt for use in the reduction of vanadium pentoxide or other vanadiwn-containing 
materials, as it is difficult to keep the metal low in carbon, while lower oxides may be 
formed that are resistaut to reduction. The principle then is that of heating the fur- 
nace charge +o such a temperature and so manipulating it that the reduction of the 
pentoxide proceeds direvtly to the metallic stage without formation of intermediate 
compounds. This has been accomplished by conducting the reduction in a narrow 
zone with a high energy input. Here the metal is produced, forms droplets, and 
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TABLE VT. Ferrovanadium and Vanadium, Grades, Co 







Reduetion 


Designation method i 
Tron foundry grade ©, Si, ar Al 82-42 7-14 | (apprax.) Bal. — 3.00 
(rade A (Open CG, Si, or AL 50-55 7.5 max. 3 mays. Bal. 1.5 max, 3.00 

hearth) 
Crade B (Crucible) ©, Si, or Al 50-55 3.5 max. 0.5 max, Bal. 1.5 max. 3.10 
70-80 
Grade © (Primos) Al 50-55 1.25 max, 0.2 max. Bal, 1.2 max, 3.20 
70-80 
Vanadiuin mein, Al 91.15 0.5 0.17 Bal, 2.24 3.50 
HO% 
Vanadium metal, Seep. 588 90,7 0.05 Qt —: ~~ 65.00 


99.7% min, 


«June 1, Wd. 





rapidly sinks through the surrounding slag and unreacted material to the metal pool 
au the bottom of the hunace. Thus, undesirable secondary reactions ave avoided. 

The design resulting from this concept isa relatively high fumace space of narrow, 
reclangular cross section with water-cooled roof and electrode openings. The 4000- 
kw. furnace has a power input of 190 kw./se.ft. of hearth area. Electrodes are ar- 
ranged in line and create a high-energy reduetion zone where they dip through the 
charge into the slag. This zone is fed automatically with a well-mixed charge of small 
particle size, consisting of roasted ore, coke, steel scrap, and fluxes. Tapping of metal 
and glag is intermittent and separate. The slag, being closer to the reaction zone, is 
hotter than the metal, The ferroalloy produced has the following approximate com- 
position: 88-42%, V, 3-5% Si, 3-3.5% C, or 35-40% V, 8-12% Si, 2-39% C, halance 
being Pe in eiLher ease. 

Reduction with Silicon. Low-carbon vanadium alloys can be produced via a 
silicon-bearing. primary alloy from which the silicon is removed by reaction with 
vanadium pentoxide in a second step, Since the difference in the heat of reaction be- 
tween silicon and vanadium in the formation of oxides is not very substantial, the 
resetion end-point is reached only sluggishly and incompletely in the secondary re- 
fining step. 

Vanadium pentoxide concentrates, usually of carnotite-roscoelite origin, are 
worked by this process. The operation is approximately as follows: a mixture of 
pentoxide, 90% grade ferrosilicon, lime, and some fluorspar is smelted in an clectrie 
furnace lined with magnesite. The primary metal produced contains about 80% YV, 
while the slag carries 0.4-0.9% V. The primary metal is refined with vanadium pent- 
oxide and lime ina second step, and the secondary slag is returned as part of the charge 
to produce primary metal, 

It is also possible to produce a high-silicon and low-carbon vauadium-silicon alloy 
by smelting vanadium pentoxide, silica, coke, and fluxes. After grinding the primary 
alloy together with vanadium pentoxide, the mixture is caused to react to produce 
ferrovanadium. ‘Ibis process can be modified in detail in many ways but is generally 
practiced in the cleetric furnace with application of considerable clectrie energy. 

Reduction with Aluminum. Aluminothermy is the oldest process for the produc- 
dion of ferrovanadium, Although aluminum is gencrally a more expensive reducing 
agent, the process does not require an electric furnace and the high cost of the reducing 
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agent is relatively unimportant by comparison with the cost of the vanadium pent- 
oxide concentrate. The process gives a relatively pure produet with a high vanadium 
content, and the yield is goocl. 

Originally, aluminum reduction was conducted by producing a relatively low- 
vauadium alloy, starting with an iron vanadate. Later vanadium pentoxide was 
used, atid made possible the produetion of richer alloys with 40% or 50% or 80% V. 
As the process is now practiced, the reaction mixture consists of vanadium pentoxide, 
aluminum, iron punchings, and fluxes, such as calcium fluoride. This mixture is 
ignited by a charge containing barium dioxide and aluminum to ereate the threshold 
temperature of 1730°F. The reaction is performed in a furnace or crucible without 
the addition of external heat other than a mild preheating of the lining. The furnace 
can be disassembled to remove the reaction products, or the refractory lining of the 
metal shell forming the crucible can be broken away. 

The extremely violent reaction—energy developed is the equivalent of 1000 
kw./sq.ft. of hearth area—is balanced by adjusting the particle size of all reagents 
and the rate of feeding the charge, by working with partially prereduced material, or 
by replacing aluminum in part with a less active reducing agent such as calcium carbide, 
silicon, or carbou. There are a multitude of factors that must be attuned to operate 
consistently and satisfactorily. 

In a standard operation 2 tons of raw materials are fed into a i4-cu.ft. erucible 
to complete the reaction in one hour, producing | ton of 40% ferrovanadium and 1 ton 
of slag without raising the temperature above 2800°F., generating the heat equivalent. 
of 3200 kw. ‘The yicld improves with the volume of the operation, as heat losses de- 
cline and as the period during which the products are liquid is extended. Under 
proper operating conditions there is a clean separation of metal and slag. Purity 
of the ferrovanadium depends on the raw materials employed since impurities find 
their way almost entirely into the regulus. 


PRODUCTION OF PURE METAL 
Marden and Rich in 1927 reduced vanadium pentoxide with ealcium: 


V205 + 5 Ca ——> 5 CaO +2V 


and added calcium chloride, on an equimolar basis with the calcium, to flux the lime 
produced. Since 1950, these earlier experimental production methods have been 
adapted to the small-scale production of high-purity vanadium. Gregory and Lillien- 
dahl (4) introduced the modification of using vanadium trioxide, VO, (produced by 
hydrogen reduction of the pentoxide) to lessen the heat of the reaction. MeKechnie 
and Seybolt (9) further improved the process by substituting iodine for the caleium 
chlovide, at the rate of first 0.1, later 0.2 mole per mole of vanadium produced. This 
gives a slag with different properties fram which the metal collects as a solid regulus in- 
stead of droplets. 

Mach of the procucers have developed their own bomb design based on this work. 
Reguli are reported to he up to about 15 Hb, of metal. In the pure metal, traces of 
carbon, nitrogen, and oxygen have a profound effect on mechanical properties, as they 
lead to hardness and embrittlement. when present substantially in excess of about 0.1% 
C plus 0.01% N plus 0.025% O. Producers state the following composition limits for 
commercial metal: 99.7-99.9% V, 0.03-0.11% C, 0.02-0.10% N, 0.027-0.10% O, 
0.002-0.04% HF. 
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Iexpernnental work continues on the van Arkel-de Boer method, thermal de- 
composition of vanadium iodide ona hot wire. The process is not at present economic, 
but it may lead 4o vanadium of still greater purity. Electrolysis in molten salt, baths 
protected by a nonreactive atmosphere is also being studied, 


Uses 


Vanadium plays a most important part in the steel industry as an alloying element. 
The Fe-V system clearly resembles the Fe-Cr system; in both cases there is complete 
liquid solubility throughout the binary system, there is a gamma-loop restricting the 
existence of austenite, and likewise an intermetallic compound, FeU, at 50 atom 
per cent. The addition of carbon to the system is technologically important, as 
vanadium forms a very hard und stable carbide, ViCs, i carbon and most low-alloy 
steels. In the higher-alloy steels, the relationships are more complex and multiple 
carbides containing more than one metal are believed to exist. In low-vanadium, 
low-carbon steels, the vanadium is apparently present principally in the iron matrix, 
but it is Increasingly present as carbide as the proportions of carbon and/or vanadium 
to iron inerease, ; 

As a carbide former, vanadium is stronger than tungsten and chromium, but in 
order to derive the optimum value from vanadium additions to a given steel, hardening 
practice must he modified to permit the vanadium carbide to go into solution in sub- 
stantial quantity in the austenite. Complete solution of the carbide is undesirable 
since, at the temperatures at which this occurs, grain refinement (a most important 
uttribute of vanadium steels) may be lost. Quenching locks the carbide in the ground 
mass, and tempering within a suitable temperature range permits it to precipitate to 
form finely disseminated, hard carbide particles of very smail size, 

An interesting application of the influence of solution of vanadium carbides is 
evident in the behavior of low-alloy vanadium tool steels. Steels in this category, 
having a high-carbon content and a low-vanadium content (up to about 14%) have a 
hard surface and a tough core, while higher-vanadium bearing steels may be caused 
to develop excellent deep-hardening qualities, if quenching temperatures are suitably 
adjusted, by raising to a higher level for maximum hardness penetration. 

It is still not entirely clear whether a relationship actually exists between the for- 
mation of fine nuclei of vanadium carbide—and perhaps nitride—and the fine grain 
engendered in the stecl as a result of vanadium addition, Certainly the dual effects of 
relatively small additions of vanadiuin to steel, namely grain size control and the high 
degree of dispersion of hard carbides, have had a profound effect on steel quality and 
therefore steel metallurgy. The resistance to grain growth of vanudium-bearing stcels 
in effect widens controllably the heat-treatment temperature range and is very ad- 
vantageous in large castings and forgings. 

Vanadium in Steel Production and Processing. Although vanadium combines 
with oxygen and with nitrogen in steel, it is not a “scavenger” or a commercially useful 
deoxidizing agent as ordinarily understood, as it does not reduce the active contents of 
these two gases to the low levels that can be secured by, for example, aluminum and 
boron. There are, however, cases where the effects accompanying deoxidation by 
aluminum are objectionable, and also cases where the type of product is completely 
altered by aluminum deoxidation. Thus vanadium is used for its oxygen-combining 
power Qvithout ahiminum) in heavy forgings requiring high transverse ductility; 
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also, and presumably for its nitrogen-combining power, it is extensively employed in 
rimming steels. In most cases, however, vanadium is not. added to steel until there has 
been previous effective deoxidation so that there is either no loss of vanadium in making 
alloy steels or very little lass, normally under LO%,. 

Tn tool steels there is full application of Lhe properties discussed above, resulting 
from the incorporation of vanadium. Thus the control of grain size in carbon and 
very low-alloy (ool stecls secures an assured depth of hardening which is effectively 
utilized in taps and dies. The resistance to grain growth at heat-treatment tempera- 
tures improves the handling of fools of varying section, aud. the stability of the carbide 
permits the application of higher tempering temperatives to provide improved shock 
resistance at high hardness. The ability to retain the carbides in effective form ae- 
counts also for improved cutting performance in edge tools and tools of other types in 
which wear resistance is a requisite, 

The composition and uses of some vauadiuin tool steels are shown in Vol. 12, pp. 
824-25. 

Tn the US. the most common high-speed tool steel was originally of the [8-1 
(tungsten-chromium-vanadium) type. For special uses other types and compositions 
are employed, occasionally with lower tungsten and higher vanadium (14-42). Por the 
very highest wear resistance, carbon and vanadinm axe simultaneously increased to as 
high as 1.5 and 5.0% respectively. Cobalt in the range of 3-12% has been added to 
the matrix, that is, in replacement of iron, Molybdeimm bas been used in these high- 
speed tool stcels in varying degree, sometimes as | or 2% added to the above 184-1 
type, and sometimes substituting for a large part or almost all of the tungsten; in- 
variably this substitution appears to require an inerease in vanadium to maintain cut- 
tiag capasity, ete., as evidenced in one composition, 6-G-4-2 (W-Mo-Cr-V), 
which now dominates tlie U.S. market. As indicated above, the carbon content must 
always be higher as the vanadium coutent increases, regardless af the remainder of the 
composition, if the full effectiveness of the vanadium addition is to be assured. 
However, where high-speed tools are required to sustain very severe impact loads, car- 
bon is kept as low as possible. Except in the high-vanadium types (over 2% V), car- 
hon content of the high-speed steels will range between 0,65 aud 0.85%, 

Vanadium in Wrought Constructional Steels. Most frequeutly it is desirable and 
economical in the application of alloy constructional steels to subject cither bars, 
plates, forgings, or finished parts made from them to a quenching and tempering beat 
treatment, thereby developing maximum strength properties. Vanadium improves 
the useful strength in stecls of this class at any given level of maximum strength or 
hardness, or, expressed differently, it improves the ratio of yield strength to tensile 
strength. This elfeet applies equally to simple carbon-vanadium stocls, and to the 
more complex alloy types wherein vanadium is associated with one or more of nickel, 
chromium, molybdenum, or manganese in the range of 1-2°7% or even more. 

The properties developed by quenching and tempering result from the presence 
of iighly dispersed vanadium carbides and from the control of tine grain size which 
at least m large part is due to the presence. of discrete particles of the carbide. The 
yield ratio noted above, as well as the ultimate strength developed by quenching, is 
dependent upon the time the steel is held at the quenching temperature and the tem- 
perature itself (within limits), rising as these factors inercase; thus, these properties 
increase as more carbide is taken into solution, However, if the practice is carried 
undesirably far, subsequent tempering will cause these carbides to precipitate at grain 
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boundaries, and this results in a decrease in impact strength from the very high levels 
that result from quenching at usual temperatures. Therefore a desired balance may 
be secured by adjustment between these heat-treating conditions, the steel composition 
and ita ultimate use. 

Normalizing is also frequently applied in industrial practice to large sections with 
or without tempering, inasmuch as desired strength levels may be obtained while re- 
taining fine grain size and high resistanee to impact. Heat treatment of this type also 
guards against distortion both in fabrication and use, accounting for the application 
of these steels to various types of axles and shafts for heavy machinery. 

Th lighter maching clements, such as parts for antomotive equipment, aircraft, 
and machine tools, quenehed and tempered echromium-vanadium steels of the SAT- 
6100 series are [requently encountered. Jixamples are shafts, gears, propeller blades, 
and leaf and coil springs. Table HT presents a summary of the most important types 
of wrought constructional vanadium steels, 

In cast steels, the above principles are likewise applied, while additionally the 
limiting effect of vanadium upon the growth of dendrites followiug solidification offers 
further advantages. This latter feature is of distinct aid in the casting operation it- 
self as well as during subsequent heating aud cooling in the course of beat treatment. 

Although many vanadium cast steels are subject to quenching and tempering 
to develop the desired final properties, much use is mace, as in the case of heavy 
forgings, of normalizing and tempering beeause of the excellent mechanical properties 
resulting from this heat treatment when applied to steel compositions suitably selected 
for the intended use. Many vomposition variants are employed, the vanadium ordi- 
narily ranging from about 0.05 up to about 0.20% with the carbon content for cast 
constructional steels varying from about 0.20 up to ahout 0.50%, and in conjunction 
with nickel or chromium or manganese or one or more of these with eo aany also 
included. Typical stcel casting compositions are the following: ) 0.85% C, 
0.2% V for locomotive frames, heavy gears, housings; (2) 1,5% Mu, a V tor heavy 
transportation equipment; (3) 1.59% Ni, 0.1% V for heavy equipment dies; (4) 1% 

w, L% Mo, 0.2% V for large turbine castings. 

For high- -temperature steels, the stability of the vanadium carbides in the tem- 
pering: temperature range (which is also the usual range of applications) is highly 
Important, as are also the properties resulting from a deliberate coarsening of the grain 
and taking practically all of the carbide into solution. 

Ty this class of uses involving tubes, plates, balts, fittings, ete., ave found steels 

‘aunging from 0.2 to 0.5% carbon and 0.2 to 0.4% vanadium, combined with other 
earbide forming clements, namely molybdenum over the range of about 0.3-1.0%, 
chromium in the range of 0.5-2%, and sometimes tungsten within the limits of about 
1-25 

Since the late 1910’s, a special steel has been developed for steam generation ani 
canssion a femperatures of up to LLO0°ER. or shg@htly higher, whieh contains (% 

r, 1% Mo, and 0.25% V. This steel has hacl a very good service record in spite of 
i ‘velatively low alloy coutent. Maximum service ability seems to have resulted from 
solution of the carbides, in that the steel is used after normalizing from a temperature 
of at least 1900°F. 

In east irons, vanadium is only cecasionally used as the single alloying element, 
much greater use being made of the element in amounts between 0.05 and 0.20%, 
associated with one or more of nickel, molybdenum, chromium, and copper. Va- 
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nadium teuds to limit graphitization and aids in effecting uniform graphite distribution 
and the production of graphite flakes of moderate size. It hardens the irou and as 
sists in the production of uniform streugth and harduess in heavy sections, while at 
the same time improving resistance to wear and permitting service at moderately 
elevated temperatures. Used with other alloying elements and suitable inoculating 
agents, excellent strength levels and desirable microstructure for machining, etc., may 
be developed over a wide range of cross sections. Typical compositions and uses are 
as follows: (/) 0.7% Ni, 0.8% Cr, 0.59% Mo, 0.1% V for diesel cylinder heads; (2) 
0.5% Mo, 0.4% Cr, 0.1% V for die blocks; (8) 1.59 Ni, 0.2% V for machine tool ways; 
(4) 1.5% Cu, 0.1% V for brake drums. 

Nonferrous uses of vanadium are at present limited. Through the medium of a 
copper-vanadium alloy of about 8% vanadium coutent, the element has been used to a 
limited degree for the control of gases and microstructure in a number of copper-base 
alloys. [Tt has also been added along with either silicon or nickel as a means of effecting 
desired thermal expansion rates combined with good strength properties in aluminum 
alloy pistons in internal combustion engines. 

The availability of pure vanadium is now leading to alloys of high vanadium con- 
tent, as for example in association with titanium, while aluminum-reduced vanadium 
of low iron content is being used to produce vanadium-rich aluminum-vanadium alloys. 
These special compositions give promise of substantial application in high-temperature 
service. 
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The chemistry of vanadium is exceedingly complex, because (/) it has numerous va-~ 
lence states, at least four, +2, +38, +4, and -+5, being well defined, (2) it is amphoteric 
(though predominantly basic in the lower oxidation states, acidic in the higher), 
(3) it forms derivatives from more or less well-defined radicals, such as VO?+ and 


VO3+, (4) its oxygen acids readily form condensed acids. 


Table I presents in out- 


line form a comparison of the oxidation states of vanadium. 


The nomenclature of vanadium compounds is subject to much confusion, 


Tu 


U.S. industrial practice, the oxidation states 4-2 to -+5 are often called, respectively, 
hypovanadous, vanadous, hypovanadic and vanadic, but these terms have also been 
applied differently. Tor example, the +2 oxidation state has been described as ‘ van- 
In U.S. industrial practice “vanadyl” refers to VO?*, thus vanadyl chloride, 
VOCk, vanady] sulfate, VOSO., but some writers have used “vanadyl” for the group 
VO with different valences, and refer to VOCh and VOC), as vanadyl dichloride and 


adous.” 


vanadyl trichloride. 
and oxytrichlaride. 


Ambiguity is avoided by the names vanadium oxydichloride 
Among the oxysalts, the names 
have been used synonymously for those of oxidation state -+-4. 


“vanadite” and ‘“hypovanadate” 


The use of Stock: 


numerals is very helpful, as vanadates([V), or vanadium(II]) oxide, V20s. 


TABLE I. Comparison of the Oxidation States of Vanadium. 





Oxidation 





Typical color in 
state Oxide Other compounds aqueous solution Remarks 
1? V.0? — — Doubtful 
2 VO, basic V(OH), VCk, VSO, Yellow to green Powerful reducing 
agents; often iso- 
morphous with 
compounds of Fe?+, 
Cr?*, Meg?t 
3 V2.0 V(OH):, VCly, VOCI, Green Reducing agents; 
Vi8s, VN often isomorphous 
with compounds of 
Fet*, Cr+, Ali+: 
form alums and 
complex cyanides 
and thiocyanates 
4 VOs, basic VCk, VOCR, VOSO. Blue — 
wenkly acidic NaaViOe Black — 


VF;, VOC, 

NaV0Os, NagV20, 

_ Nas VO,, and others 

(NH, VO:, 
NHgE2V202 


V.0;, weakly basic 
weidia 


Yellow to red 
Pale yellow to yellow 


Most stable and best 
known 


Yellow to orange Obtained by action of 





The oxidation-reduction potentials relating the various valence states are (7): 


Vo yer + 2e . 

Vit Vat +e 

Vit + ILO + VO2t + 2Ht +e 
VOt + 3 HL0 + V(OH)i +2H+ +e 


Volts 





+1.5 
40.2 
—0.314 
~1,00 
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Vanadium(IZ) compounds are very strong reducing agents, but they can be dissolved 
in water without reducing it at room temperature. Vanadium compounds are fairly 
easily oxidized to the +4 state, and by powerful oxidizing agents to the +5 state. 
Vanadates in neutral solution are not easily reduced, but in acid solution Fe?* gives 
VO?t, Sn? gives V'+, and Zn gives V@+ (7). Many vanadium salts readily dissociate 
on heating in air, forming vanadium pentoxide, V.Os,, and all vanadium compounds 
will produce vanadates(V) on alkaline fusion in alr. 

The only vanadium compounds that are regular articles of commerce are the 
pentoxide, V2O;, and ammonium metavanadate, NH,VO;, which are prepared in 
various grades of purity according to the demand. The price of commercial quantities 
of ammonium metavanadate was $1.75 in 1954, and had been at that level for a wum- 
her of years, 

Analysis. A delicate test for vanadate ts the addition of tannin, which yields a 
rich blue coloration in concentrations down to 2 mg. of vanadium pentoxide equivalent 
per liter, The color of a borax bead heated with vanadium compounds depends on the 
characteristics of the flame, an oxidizing fame rendering the bead yellow, a reducing 
flame hghi green. 

TIydrogen peroxide added to a cold acid solution of vanadium compounds pro- 
duces a brown color, which changes to blue on heating. A. sensitive and selective 
method for determination of vanadium is based on the formation of yellow soluble 
phosphotumgstovanadic acid by the addition of phosphoric acid aud sodium tungstate 
to an acid solution of vanadium compounds (13), 

The quantitative determination of vanadium depends largely on the associated 
substances, their nature and their quantity. Gravimetric methods lead to the weigh- 
ing of mercurous metavanadate, Hpe(VOs)o, or of vanadium pentoxide obtained by 
igniting ammonium metavanadate, NH,VO; Volumetric methods are based on the 
reduction and reoxidation of vanadium from and to definite levels of valence. Re- 
duction may be effected by hydrogen sulfide, sodium thiosulfate, sulfur dioxide, hydro- 
gen, or organic compounds, Oxidizing agents used are permanganates, iodine, nitric 
acid, and others. 


Vanadium Carbides. 


Vanadium carbide, V;C'3, is of great, importance in ferrous metallurgy (see Vana- 
dium and vanadium alloys). Several other carbides are known. Vanadium mono- 
carbide, VC, is a very hard crystalline substance, 9-10(Mohs), with a high melting 
point, 2810°C., density 5.36, lattiee dimension (NaCl type) a = 4.30. It can he 
produced synthetically in the electric furnace. 


Vanadium Cyanides. 


anadium forms a number of complex cyanides and thiocyanates, such as I,yV- 
(CN) 4.3H20, KyV(CN), (isomorphous with potassium ferricyanide), and 2KSCN.VO- 
(SCN)2.5H20. 


Vanadium Halides. 


Vanadium forms many halides and oxyhalides (see Table IT). In general, the 
halides are hygroscopic and tend to hydrolyze in water. Their stability imereases 
with increasing valence number of the vanadium. 
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‘TABLE UU. Halides and Oxyhalides of Vanadium. 








Classical 





valency Mluorine Chlorine Bromine Todine 
2 VCh Vip 
3 VF, VC, VBry 
VB St bO VCk.GHO V Bry. GRO Vin.GHeO 
VOC VOBr 
d Viey VO Vi, 
VOR, VOC VOBrs 
5 VES 
VOR, VOC), VOBr, 
Doubtful VoOwCl 
VO Clb heO 








Vanadium dichloride (hypovanadous chloride), VCl, formula weight 121.86, 
highly deliqueseent green crystals, is made by reducing the tetrachloride with hydro- 
gen, or by heating the trichloride in nitrogen, It is a very strong reducing agent, and 
it has been suggested ay an arsenic remover in the manufacture of hydrochloric acid. 

Vanadium trichloride (vanadous chloride), VC}, formula weight 157.23 peach- 
colored plates, can be obtained by the decomposition of the tetrachloride, or by heating 
vanadium trisulfide, VoSs, in chlorine. It is nonvolatile and extremely hygroscopic. 
The anhydrous chloride can be reduced on heating with hydrogen first to tlre dichloride 
and then to an impure metal. The hexahydrate, VCl,.6H.0, forms green crystals. 
A trihydrate is also known. 

Vanadium tetrachloride (hypovanadic chloride), VCL, formula weight 192.78, 
is a dark red-brown liquid, sp.gr. 1.816, b.p. 148.5°C. It can be readily prepared by 
passmg chlorine over pulverized vanadium metal heated to 180°C., or by passing vana- 
dium oxytrichloride vapor with chlorine over red-hot charcoal, or by heating vana- 
dium carbide in chlorine. 1¢ fumes in air and decomposes in water, forming vanadium 
oxydichloride, VOCl. It slowly decomposes to vanadium trichloride at ordinary 
temperatures. 

Vanadium oxydichloride is marketed in small quantities for the dyeimg industry, 
as a thick liquid known as “divanadyl tetrachloride, sirupy, V20.Cl4.5H,0.” The 
liquid is also sold absorbed in solid ammonium chloride, 

Vanadium oxytrichloride, VOC), formula weight 173.32, ts a highly mobile, bright 
yellow liquid, sp.gr. 1.829, b.p. 126.7°C, It is easily prepared by the action of chlorine 
ol a mixture of vanadium pentoxide and carbon at a red heat: 


VoO, + BC +43 Cle 





> 2VOCKk + 3 .CO 


Vanudiun oxytrichloride hydrolyzes with water, forming vanadic acid and liydero- 
vhlorie acid. 11 is an excellent solvent for organic substances, and also dissolves sulfur. 
On reduction, lower vanadium oxychlorides are formed, such as VOCh, VOCI, and 
ulfimately VeO2Cl. 

Vanadium bromides are less well known. The tribromide, VBr3, can be prepared 
hy heating powdered vanadium metal and bromine. Several oxybromides, analogous 
to the oxychlorides, ure known to exist. 

Vanadium iodides. Vanadium triiodide has been prepared as its hexahydrate. 
but ibis very unstable, A diiodide and a tetraiodide are believed also to exist. 
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Vanadium fluorides. The fluorides are on the whole similar to the chlorides, but 
fluorine is the only halogen with whieh vanadium forms a pentahalide, VF;, which 
sublimes when the tetrafluoride is heatecl ina current of nitrogen. 


Vanadium Nitrates. 


No vanadium nitrates have been obtained in the solid state, but vanadyl] nitrate 
VO(NOs)s, probably can exist in solutions wp Lo 10% by weight. 


Vanadium Nitrides. 


Vanadium mononitride, VN, resnlts when the metal is heated in nitrogen or when 
ammonia and vanadium compounds react at elevated temperatures. [ti is very 
stable to heat, but gives ammonia and vanadium pentoxide on strong heating in steam. 

Vanadium dinitride, VN», is a black powder formed by passing ammonia over 
vanadium oxytrichloride. [tis unstable, and reverts to the mononitride on exposure 
to air or on heating. 


Vanadium Oxides and Oxysalts (Vanadates). 


ONTIDES 

Vanadium(])) oxide (vanadium snboxide). A brownish coating on metallic 
vanadium exposed to the almosphere has been suspected to he VO, but this has not 
been proved. 

Vanadium(il) oxide (vanadinn monoxide), VO, formnla weight 66.95 (sometimes 
written VYoQO.), is a gray-hrown metallic powder, sp.gr. 6.6. Tt can be prepared by 
heating in vacuo a mixture of vanadium and vanadium trioxide, It is insoluble in 
water, but is taken into solution by acids, giving vanadium(II) salts. 

Vanadium(ID oxide (vanadium trioxide, divanadium trioxide, vanadinm sesqui- 
oxide), VO, formula weight 1-19.90, is a black solid, sp.gr. 4.87. It is formed by the 
reduction of the pentoxide with carbon or hydrogen. It 1s oxidized slowly in air at 
room temperaitre to the dioxide, more rapidly if heated. The action of chlorine gives 
the pentoxide and vanadium oxytrichloride: 


3 VaO, -+ 6 Cl, ———> + VOCL + WoO, 


Tt. is insoluble in water and does not react readily with acids, so that it is not a con- 
venient source for vanadinm(Il)) salts, which are hetter prepared by reduction of 
higher salts. 

Vanadium(LV) oxide (vanadium dioxide), VOs, formula weight 82.95 (sometimes 
written VeQ,), isa blue-black solid, sp.gr. 4.34, m.p. 1967°C. It ean he prepared by par- 
tial reduction of the pentoxide, as by heating it to the melting point with oxalic acid, 
sugar, carbon, orsulfur, or by oxidation of the trioxidein air, It is slightly hygroscopic, 
and also oxidizes slowly in air, It is amphoteric, and dissolves both in aeids and in 
bases. Acids give vanadyl (VO®+) salts. Solution of the oxide in hot alkalies gives 
vanadates (TV) Grypovanatates, vanadites) of the type RO .aVOs. 

Vanadium(V) oxide (vanadium pentoxide, divanadium pentoxide), V2O5, formula 
weight, 181.90, is by far the best: known oxide of vanadium, and is an article of com- 
meree, The impure pentoxide is a brownish red to black powder, sp.gr. 3.36; the 
pure oxide is yellowish red. Vanadium pentoxide is formed when other vanadium 
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oxides are heated in air, Tt is also formed as a precipitate when nitric or sulfuric acid 
is added to solutions of vanadates, avoiding an excess of acid. Ub is produced teeh- 
nologically by heating ammonium metavanadate, NH,;VO;. The heating mush be 
carried. oud in successive stages, :ccording to a careful time schedule, in order to avoid 
formation of vanadium(TV) oxide. The commercial product may contain up to 0.2% 
vanadium(IV) oxide, It is also formed when many vanadium compounds, such as 
the lower chlorides or oxychlorides, are heated in air. 

Vanadium pentoxide melts without dissociating at 660°C., and recrystalizes 
from the fused state in the form of long red needles. Above the melting point its 
reactivity is extremely high, and it takes into solution many acidic, basic, and metallic 
materials. It dissociates into vanadium dioxide and oxygen at temperatures only 
slightly above the melting point. The dissociation is reversible, and the equilibrium 
partial pressure of oxygen is reproducible provided the condensed phase remains un- 
changed, but a great change in oxygen pressure accompanies small changes in composi- 
tion, This behavior is probably closely associated with the catalytic behavior of 
vanadium pentoxide (10). 

Colloidal solutions of vanadium pentoxide can be formed, as.by slowly pouring 
molten vanadium pentoxide into water. In these sols the vanadium pentoxide is 
present as rod-like particles, and the sols show stream birefringence. 

Vanadium pentoxide is slightly soluble in water, 0.8 g. per 100 ml. of water at 
20°C, The solution is acidic. The pentoxide can be taken up in considerably larger 
quantities by alkaline solutions, which form vanadates, and also by strong acid solu- 
tions, which form vanacium(V) salts probably as salts of VO%+, Both in stability 
and in acid-forming ability, vanadium pentoxide stands between the highest oxides of 
the two neighboring elements. Thus it is more acid than titanium dioxide, and more 
stable than chromium trioxide. 


VANADATES 

It has become customary to speak of orthovanadates, M,VO., pyrovanadates, 
MyV.0;, and metavanadates, MVOQOs;, but this nomenclature docs not reflect the full 
complexity of the existing compounds, In aqueous solutions vanadates have a strong 
tendency to form condensed ions; for example, a well-defined anion is hexavanadate, 
VeOi7. These condensed ions are not, as in the phosphates, definite polymers held to- 
gether by predominantly covalent bonds, but are aggrcgation polymers, held together 
by bonds showing a considerable amount of ionic character. Their constitution de- 
pends on such variables as concentration, temperature, and pH, and their degree of 
polymerization can be modified by changing these factors. 

Acids corresponding in composition to metavanadic acid, HVOs, and pyrovanadia 
acid, H.V.0;, can be obtained as precipitates. 

Ammonium metavanadate, NH,VO;, is a well-characterized salt, sp.gr. 2.326. 
Solubility in 100 g. water, 3 g. at 21°C., 10 g. at 100°C. . 

Mercurous metavanadate, Hg.(VOs)s, sparingly soluble in water, is frequently 
employed in the quantitative analysis of vanadium. 

The alkali metal vanadates are white solids, giving colorless solutions. ‘The 
metavanadates are most frequently obtained by crystallization from solution in the 
presence of a large excess of alkali. Orthovanadates are the most stable at elevated 
temperatures, and are formed when vanadium pentoxide is fused with alkalies, 

Vanadovanadates are produced when certain alkali carbonates, borates, phos- 
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phates, ete., are fused with vanadium pentoxide in air. Oxygen is evolved with 
decrepitation, and some of the vanadium is reduced to the +4 state. These com- 
pounds are also produced by the fusion of alkali vanadates. 

Double vanadates. Vanadic acid has a strong tendency to form well-crystallized 
double salts with two or more bases. Many of the naturally occurring minerals 
correspond in their compositions to double vanadates. 

Heteropoly acids containing vanadium are extremely complex and numerous. 
Again, they must be considered phenomena of hydrolysis and aggregation conditioned 
by the weak character of the acids and bases of the metal. Jander’s worl (5) shed some 
light on the constitution of these compounds, in which the anion apparently poly- 
merizes progressively as the hydrogen-ion concentration increases. Definite poly- 
meric forms appear ak certain points as a function of the pH. An example is 7(NH,).- 
O.P:05.12V205.26H20. At the highest hydragen-ion concentrations, molecules 
approach the dimensions of colloidal particles, and, if left standing in this condition, 
crystals frequently precipitate. See Helerupoly and csopoly acids. 

Peroxyvanadates, MVO.. Numerous peroxyvanadates are known. The sodium 
salt ean be prepared by treating a solution of sodium carbonate and ammonium meta- 
vanadate with hydrogen peroxide. Peroxyvanadie acid has not been definitely 
isolated, but it is probably present in a solution prepared by adding vanadium pen- 
toxide to a solution of lydrogen peroxide containing sulfurie acid at low tempera- 
tures. On standing or warming, vanadium pentoxide separates out with evolution of 
oxygen. See Perowides, inorganic. 


Vanadium Silicides. 


Vanadium silicides, VoSi and VSi, are formed from vanadium and silicon in the 
electric furnace. 


Vanadium Sulfates. 


Vanadium(II) sulfate, VSO,.7H.0, formula weight 177.12, cau be made by 
tathodic reduction of vanadium pentoxide dissolved in sulfuric acid in the presence of 
sulfur dioxide. It is readily soluble in water, and strongly reducing. Its double 
salt with ammonium sulfate, VSO.. (NH,).50,.6H.0, isomorphous with ferrous &m- 
monium sulfate, can be obtained by cathodic reduction of ammonium metavanadate. 

Vanadium (Il) sulfate, V2(SO,)3, formula weight 389.98, a fine crystalline powder, 
can be obtained by a less drastic reduction of vanadium pentoxide in sulfuric acid. 
Its solution, probably as (Y¥O).50,, can be obtained by reduction of vanadium pen- 
toxide in sulfurie acid with metallic zinc. It is a powerful reducing agent which 
bleaches indigo and vegetable dyes. A number of vanadium alums, MV(SOx)s.- 
1211,0, are known, isomorphous with the aluminum, ferric, and chromium alums, 

Vanadium(IV) sulfate, A vanadium(IV) oxysulfate, vanadyl sulfate, VOSOu, 
can be obtained as a blue solution by reducing vanadium pentoxide in sulfuric acid 
with sulfur dioxide or oxalic acid. The blue color of this solution is frequently ob- 
served in the concentration of ores containing vanadium in the +4 state. 

Vanadium V) sulfate is presumably present, perhaps as (VO)2(SO.)s, in the solu- 
tion of vanadium pentoxide in sulfuric acid, but has not been isolated in the solid state. 
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Vanadium Sulfides. 


There are a number of sulfides, of which the most. stable is Ve83, a greenish-black 
solid, sp.gr. 4.7, insoluble in water. Tt can be prepared by heating any simple vana- 
dium compound in a stream of hydrogen sulfide. 


USES 


The uses of vanadium compounds are wide in range, since the compounds range 
widely in charaeteristies. With a few exceptions, these uses do not require large 
amounts of vanadium, but some are very important and the number of applications 
may wellexpand, 

In catalysis, vanadium compounds have been found effective for catalyzing both 
organic oxidation and reduction, but they are in actual use only to assist in oxidizing 
reactions (14), The oxides of vanadium have found many applications as catalysts, 
especially in vapor-phase reactions. In the manufacture of sulfuric acid by the con- 
tact process, catalysts based on vanadium pentoxide are widely used. See Vol. 10, 
p. 487, The conversion of ammonia to nitric acid has also been catalyzed by vana- 
dium pentoxide but is not now practiced industrially. 

Another important industrial application of vanadium pentoxide as an oxidizing 
catalyst is in the conversion of naphthalene to phthalic anhydride. Wanadium pen- 
toxide has also shown its effectiveness in many other organic oxidation reactions where 
it has been reported in limited industrial use, Among these are anthracene to anthra- 
quinone, toluene to benzaldehyde and benzoic acid, phenanthrene to phenanthra- 
quinone, aleohol to acetaldehyde and acetic acid, diphenylamine to carbazole, ben- 
zene to diphenyl and maleic acid, sugar to oxalic acid. In these exothermic partial 
oxidation reactions, the temperature must be kept uniform throughout the catalyst, 
both duving heating and in operation, and the apparatus is specially designed to this 
effect. The temperature and time of contact critically affect the yield. 

In solution, vanadium pentoxide can catalyze certain oxidation reactions, such as 
the oxidation by chlorates of primary alcohols to esters and of furfural and pyromucic 
acid to fumaric acid. . 

The part played by vanadium compounds in biology is believed to be based on 
their catalytic function. The stimulating effect: of vanadium to plant growth has 
been observed, and the addition of V as a trace element to fertilizers has been consid- 
ered, Vanadium oceurs in the blood of holothurians and ascidians, among other sea 
life. In this blood, which contains 3°% sulfurie acid, vanadium trioxide is linked in a 
protein-like chromogen; oxygen transfer is catalyzed, rather than carried as in hemo- 
globin. 

In medicine vanadium compounds have been used in minute amounts to aehiceve 
diverse therapeutic effects. The clement must, however, be present as a stable neutral 
compound with a minimum of toxicity. It has thus been used: (/) as an antiseptic 
and inhibitor of germ growth, for example, vanadium oxytrichloride in a strong solu- 
tion of sodium chlorate to treat ulcers, abscesses, open sores, and infected wounds; 
(2) as a chemotherapeutic agent, for example, in gastric catarrhs, vanadium com- 
pounds are said to destroy fermentation microbes without impeding digestive en- 
zymes; vanadium compounds also inhibit. the growth of a number of organisms which 
are now fought with antibiotics, for example, spirochetes, pneumococci; (3) as a 
catalyst or oxygen promoter, vanadium compounds counteract the deficiency of hemo- 
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globin, for example, in anemias, and assist the defeusive mechanism in acute infections, 
such as pneumonia and influenza; in some diseases vanadium compounds boost 
appetile and improve nutrition and general resistance. Spasmodic research along 
these lines still continues, 

Iu dye manufacture and dyeing vanadium compounds are widely used in the pro- 
duction of aniline black (see Vol. 9, p. 674). Tere, vanadium salts are added as ¢at- 
alysts to 4 mixture of aniline hydrochloride and potassium or sodium chlorate, in a 
ratio from 1:50,000 to 1:200,000 of catalyst to aniline salt. A very rich black is 
produced and the overall cost is low. 

Vanadium compounds are also used as mordants for the dyeing and printing of 
cotton, and particularly for fixing aniline black on silk. Ammonium metavanadate 
has been uscd as a catalyst in the dyeing of leather and fur black. 

Inks from vanadium salts were first made by Berzelius. The addition of a few 
drops of ammonium vanadate solution to a large quantity of galluut extract produces 
a deep black, free-flowing and permanent ink, which slowly changes color to a gray- 
green. The addition of the vanadium salt to a solution of aniline and sodium chlorate 
produces marking inks (Jeteline). Ammonium vanadate, pyrogallic acid, and pow- 
dered gum arabic produce an indelible ink. Some of the modern quiek-drying inks 
depend for their performance on the addition of armmonium metavanadate. 

In glass making, vanadium pentoxide is used to eliminate wave lengths below 
3589 A. The addition of a mere 0.02% V largely removes the harmful actinic rays 
which injure the eye and fade fabrics, This type of glass has been mused considerably 
in store windows. In larger amounts vanadium pentoxide produces a greenish- 
yellow color in glass, the tone varying appreciably with the glass composition. 

In analylical chemistry ammonium metavanadate is used in oxidation-reduction 
reactions for volumetric analysis (vanadomeiry) in the direct. determination of Fe, 
Mo, W, U, V,8n, Cu, and Ti, and in the indirect determination of such elements as 
Mo, W, U, Cr, P, Pb, Ag, Hg, or Ca. Among organie compounds it may be used to 
determine citric, maleic, lactic, or tartaric acid in the presence of alcohol or oxalic 
aeid; and for the estimation of many aldehydes, ketones, aud carbohydrates which 
are capable of orming insoluble osazones or phenylhydrazones. 

Vanadates give color changes with resorcinol, quinine, strychnine, phenol, 
aniline, ete., and can be used to analyze for them. Ammonium metavanadate gives ¢ 
sensitive test for cocaine and other alkaloids containing the benzoyl group, CaHsCoO. 

Vanadinm(IT) sulfate, V8O4, may be used in analytical procedure as a reducing 
agent lo determine iron, chromium, copper, and cerium, but, since it is easily oxidized 
in air, the ammontum double salt, V8Oq. (NHY).80..6H20, is more satisfactory. The 
solution may be standardized by ferric ammonium sulfate with potassium thiocyanate 
as an iudicator. It reduces nitrates lo nitrites, chlorates to chlorides, peroxysulfates 
to sulfates, nifro compounds to amines, aldehydes and ketones to alcohols, aud dyes to 
leuco bases. 

Other Sugyested Uses. Photography might have been expected to have many 
uses for vanadium with its catalyzing properties, and strong color changes. At an 
early date Roscoe pointed out that vanadium pentoxide dissolved in strong boiling 
sulfuric acid produces a dark red color, which, upon dilution with 50 volumes of water 
and digestion with metallic zine, changes through blues and greens until it turns to a 
permanent lavender or violet. 

The success of the many attempts to adapt this and other chemical properties 
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of vanadium to photography has not been marked. However, a‘‘perpetual” developer 
along these lines has been recommended and some vanadium salts have been used for 
tinting prints. 

Metallic soaps of vanadium have performed well as driers. Compared with the 
equivalent amounts of manganese and lead driers, vanadium compounds are respec- 
tively about two and five times faster in their action on oils, but are somewhat inferior 
to cobalt driers. Both vanadium and cobalt driers have in common a great uniformity 
of action throughout the film, without tending to cause surface skins. Both vanadium 
and lead driers produce very smooth skins without brittleness. Apparently, vana- 
dium driers combine rapid drying with toughness in a smooth-surface film. Tlowever, 
they are too expensive to have come inte general use, 

The addition of a small amount of vanadium pentoxide to sulfur sprays has been 
suggested, for the catalytic effect on the oxidation of the sulfur should promote the 
fungicidal action. 
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VANILLIC ACID, CH,O(OH)C,H,COOH. = Sce Vanillin. | 
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Vanillin (vanillaldehyde, 4-hydroxy-3-methoxybenzaldehyde, protocatechualdehyde 
3-metbyl ether) (I), formula weight 152.14, crystallizes as white or very slightly yellow 
monoclinic prismatic needles (2,30) and has a pleasant aromatic (vanilla) odor. It is 
present in small quantities in many plant products, particularly the vanilla pod. 
It is found in potato parings, in Siam benzoin, in the sugar beet, and in balsams and 
other natural oils and resins. It is also derived from lignin (¢.v.), which can be formed 
in appreciable amounts from the waste sulfite liquors discarded during the manufae- 
ture of cellulose pulp by the sulfite process. These liquors are the main source of 
vauillin at present. Vanillin is the outstanding synthetic flavor in terms of quantities 
used, partially because of its use in enhancing other flavors. See Flavors and spices; 
Perfumes (synthevte and isolates); Phenolic aldehydes. 


CHO 

| ~ 

OH 
(1 


Physical and Chemical Properties 


Constants. M.p., 80-81°C. (81-88°C., US.P.); bp., 284°C. (decompn.); 
dj’, 1.056; heat of soln., 5.2 cal./mole in water at infinite dilution; heat of neutraliza- 
tion, 9.26 cal./mole when a mole of vanillin in 30 liters of water is neutralized with 
0.2 N NaOH; heat of combustion, 914.7 cal./mole (constant pressure), 914.4 eal./mole 
(constant vol.). Crystallographic data on vanillin have been reported (18). Data 
have been compiled on the absorption spectra of vanillin in the following solvents ancl 
in the vapor state: ethyl alcohol; ethyl alcohol and sodium ethoxide; ethyl alcohol 
and sodium hydroxide; hexane (19). 

Vanillin is slightly soluble in water (1 part and 5 parts per 100 parts by weight at 
14°C. and 75°C., respectively); moderately soluble in glycerol (approx. 4.5% by 
weight at 25°C.); as well as freely soluble in propylene glycol (approx. 28% by weight 
at 25°C.), ethyl alcohol (50, 70, and 95%), chloroform, ether, carbon disulfide, glacial 
acetic acid, pyridine, and solutions of the alkali metal hydroxides. 

Reactions. Three different types of reactions are possible with vanillin: those 
of the aldehyde group, the phenolic hydroxyl, and the aromatic nucleus. The alde- 
hyde group undergoes certain typical aldehyde condensation reactions that allow 
various substitutions for the aldehyde group. The aldehyde group may also be par- 
tially or completely reduced. However, being a p-hydroxybenzaldehyde, vanillin 
does not: undergo some very common aromatic aldehyde reactions. These include 
the Cannizzaro reaction, the benzoin condensation, and oxidation with Fehling solu- 
tion to the corresponding acid, vanillic acid. If the hydroxyl! group in vanillin is pro- 
tected, oxidation to vanillic acid derivatives readily occurs. As a phenol, vanillin 
forms esters and ethers, and the nucleus is easily substituted by halogen and nitro 
groups. Jn comparison with most other aldehydes, vanillin is notable for its stability. 

Condensation. With acetone in the presence of alkali, vanillin forms vanillylidene- 
acetone, which can be reduecd to zingerone, m.p. 41°C., the chief flavoring agent of 
singer: 
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reduction 


LO yr 
CH,OCOIDC.HACHO. - CLCOCH; > CTLOCOH JC HsCl=ClUCOCTL 
CHROCOH Ces ChyCHCOGK, 





Condensation with hydroxylamine yields vanillin oxime, which is reduced with sodium 
amalgam and acetic acid to vauullylamine: 


reduction 


—:0 ser 
CH,0(COH)C;HsCHO + NIOH ———> CH,0(OH )CeH,CIH==NOH 
CH,O(OH )CellaCl NT. 


The amides derived from this arc pungent materials, Capsaicin, CH,O(OM) Celie 
CHNHCO(CH,)sCH=CHCI(CH,):, for example, has a potency one thousand 
times as greut as zingerone. With phenylhydrazines, vanillin forms hydrazones. 
With heptaldehyde in dilute alcoholic potassium hydroxide, vanillin yields a-umyl-3- 
methoxy-4-hydrosyeinnamaldehyde, which has «a stronger aroma than jasmin, a 
fraction of oil of jasmine: 

CH,O(OH)CHsCHO ++ CsHyCHO ——> CH,OCOLD)CaHiCH==C(Cs Hi )CHLO 


In a Perkin condensation, Tiemann prepared the acctate of ferulie acid, CH 0- 
(CH;COO) CeH,CH==CHCOOKH, by prolonged boiling of vanillin with sodium acetate 
aud acetic anhydride. Vanillylideuc cyanohydrin, CH,O(OM)CeI,CH(OH)GN, can 
he made by the action of potassium cyanide on a sodium bisulfite solution of vanillin. 
Vanillylidenenitromethane, CH,O(OH)C,HyCH=CHNO,, is prepared from nitro- 
methane by using methylamine hydrochloride and sodium carbonate or ethylamine as 
the condensing agent, 

Reduction. Catalytic lydrogenation using platinum oxide in alcohol, nickel, or 
palladinm-barium in glacial acetic acid as catalyst, or the action of sodium 
amalgam in water yields vanilly! alcohol, m.p. 115°C.: 


Th 
CH,O(OH)C,H,:CUO ———> CH,OCOHJC EE CIROH 
catalyst 


Creosol, CHsOCgHs(CHy)OH, may also be produced with the palladium-barium cnta- 
lyst, and bydrovanillom, CHsO(OHI)C ,AsCHO(OWIDCH(OM)C AH A(OID (OCH) is an 
additional product of the sodium amalgam reduction. 

Oxidation. For optimum conditions for obtaining high yields of vanillic acid, 
CH,O(OH)C,H,COOH, see p. 609. Dehydrodivanillin (5,5’-bivanillin), OFIC- 
(CH,O)(OH) CpHeCeHe(OH) (CH;0) CHO, is obtained in the presence of iron in almost. 
theoretical yields on treatment of vanillin with sodium peroxydisulfate. Optimiun 
yields of methoxsyhydroquinone, CH,0(OH)CsH,0H, which has antioxidant proper- 
dies, are obtained by the oxidation of vanillin with alkaline hydrogen peroxide. 

Ethers. Methylation (with methyl sulfate and sodinm hydroxide) yields veratral- 
dehyde, (CH;0).C,;H;CHO. Ethyl, propyl, isopropyl, and benzyl ethers Lave also 
been prepared. 

Esters. Acetic anhydride in alkaline solution produces vanillin acctate, while 
prolonged heating with acetic anhydride, with or without catalysts such as coucen- 
trated sulfuric acid, gives the triacetate, CHsO(CH;COO)C.H;CH(OOCCH,):. 
Benzoyl chloride and alkali give vanillin beuzoate (19). 

Subsitiution. Substitution generally occurs in the 5-position when vanillin is 
halogenated or nitrated. If the hydroxyl group is blocked by esterification or etheri- 
fication, substitution takes place in the 2- and G-positions. Vanillin acetate on bro- 
mination gives high yields of 2 6-bromo derivative, while nitration of the acetate gives 
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high yields of the 2-nitvo derivative, aud small amounts of a G-nitre derivative. Rai- 
ford and others (24) have prepared a variety of chlorine-substituted products of vanil- 
lin, including monochloro derivatives with substitution in the 2-, 5-, and 6-positions. 


Manufacture 


FROM GUAIACOL 


This is the usual synthetic process, Cuaiacol (pyrocatechol monomethyl ether, 
sce Vol. 10, p. 331), obtained from wood tar hy the destructive distillation of hardwood, 
by distilation of the phenol fraction of coal tar, ov through the use as an intermediate 
of o-dichlorobengene (obtained as a by-product in the manufacture of p-dichloro- 
benzene from the chlorination of benzene), is treated for 2 hr. with 4 parts of 37% 
formaldehyde and 4 parts of p-nitroso-N ,N-dimethylaniline in the presence of 12 parts 
of methanol poured into water and hydrochloric acid. The methanol is stripped by 
distillation from the reaction product, which is then extracted with benzene to yield 
vanillin. ‘On ‘removal of the benzene, the vanillin is filtered and dried (28), 

CTOCM LOH -b Cl0 ——> GIZO(OTDCsHCILOH LLONENS 
CHAO(OM)CELCHO + (CH,)2NCoHsN Ib. 1ECl 


FROM NATURAL OILS 


From Eugenol. Allhough first syuthesized by Tiemann and Haarmann in 1874 
from coniferin, vanillin was later prepared from the cheaper eugenol (4-allylenaiacol, 
see Vol. 10, pp. 3238, 331-32). Oil of cloves and cinnamon-leaf oil (containing up to 
40% cugenol) are treated with alkali, the xqueous solution being separated and acidi- 
fied. he resulting eugenol is washed and fractionated, then dissolved in dilute 
sodium hydroxide. This solution is heated under pressure at 160°C. to form the so- 
dium salt of isoougenol (4-propenylguaiacol) and cooled slightly. One mole of nitro- 
benzene per mole of original cugenol is then added slowly under pressure to control 
the oxidation. After venting the gaseous hy-products, the reaction mass is acidified 
with hydrochloric acid to yield vanillin erystals, which are filtered and washed. The 
yield is 80% of theoretical (8). 

. ; . NaOu Se , oxidation 
CHLOCOIDC AH CHyCHe=Ci, —— CH,O0CONa)CT,CH=CHCIT, saa 


. CILO(ON)CHCHO 
From Safrole.  Safrole, O. CH:.O.CsHsCH.CH==CH, (see Vol. 10, p. 333), 
\ aA 


which is obtained from camphor oil, gives isosafrole, O,CH2..0,CsH;CH==CH ORs, 
Loe 


on treatment with alkali, This can be converted to protocatechualdehyde, G1O)}s- 
SsLTQCHO, which yields vanilliu on methylation. 


FROM WASTE SULFITE LIQUOR 


As cnrly as 1898, Pollacsek oxidized waste sulfite liquor (see Pulp) with air and 
ferric chloride and obtained small amounts of vanillin, In 1904, Grafe obtained vanil- 
lm in low yields by heating waste sulfite liquor and lime at 180°C. Yields of 5-10% 
were reported in 1928 by Kirschner (14) on heating waste sulfite liquor with alkali 
metal hydroxides under various conditions. Acidification of the alkaline reaction 
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mixture liberated the vanillin, which was extracted with ether or another immiscible 
solvent. WKiirsehner (15), Honig and Raugierka (12), and Shoruigin and Smolyaninova 
(27) reported on further modifieations of this process. However, the need for concen- 
tration of large volumes of dilute liquor, the chemical consumption of the carbohydrate 
fraction of the liquor, and difficulties in the extraction of the vanillin prevented any 
commercial exploitation of these processes. 

Marathon-Howard Processes. These difficultics were overcome by the Mara- 
thon-Howard processes (82-34). Dilute waste sulfite liquor is fractionally precipitated 
with calcium hydroxide, yielding a basic calcium lignosulfonate, free from nonlignin 
or carbohydrate materials, which is filtered continuously under vacuum. The ligno- 
sulfonate is digested under pressure with a concentrated sodium hydroxide solution, 
2-8% of the lignin being converted to vanillin, Vanillin, as its sodium salt, is ex- 
tracted directly from the solution with 1-butanol, The extract is distilled to recover 
the alcohol, Azeotropic distillation with water removes the last traces of the solvent. 
The residual water solution of sodium salts is acidified with sulfur dioxide, which pre- 
cipitates undesirable phenolic materials but leaves the vanillin in solution as a sodium 
bisulfite addition product. The solution is filtered, further acidified with sulfuric acid, 
and the sulfur dioxide expelled. The crude vanillin which separates is filtered, then 
purified by high-vacuum distillation aud aqueous recrystallization. This process has 
been in successful use since 1937 at the Salvo Chemical Corporation plant at Roths- 
child, Wis. 

Howard Smith Process. Tomlinson and Hibbert (29) showed in a systematic 
study in 1936 that maximum vanillin yields of 6% based on the lignin content of the 
liquor were obtainable by alkaline hydrolysis of the waste liquor. These workers de- 
veloped a process entirely different from that of Marathon-Howard, and placed it in 
operation at the Howard Smith Chemicals, Ltd., sulfite mill in Cornwall, Ontario, at 
about the same time as the Salyo operation (35). Tu Cornwall, the waste sulfite 
liquor is first concentrated and then treated with sodium hydroxide at an clevatect 
temperature and pressure. ‘The solution is then acidified with stack-gas carbon dioxide, 
and countercurrently extracted with benzene. The caustic in the vanillin-free aqueous 
liquor is regenerated through incineration and causticization, with some steam recovery. 
The benzene solution is concentrated by evaporation and the vanillin extracted with 
sodium bisulfite. Subsequertt purification steps are similar to those in the Salvo 
operation. 

The possibility of increasing the vauillin yield in the alkaline cooking of waste 
sulfite liquor by adding mild oxidizing agents has been explored by various workers. 
Freudenberg and Lautsch and others showed in 1940-1943 that, with the correct pres- 
sure, temperature, concentration, duration, and alkalinity, yields of vanillin up to 
20% could be obtained by using air, oxygen, or nitrobenzene as the oxidizing agent 
(10). It has since been shown (21) that, in addition to nitrobenzene, other low-po- 
tential oxidizing agents give high yields of vanillin from waste sulfite liquor and other 
lignin materials. No commercial developments have as yet been made of these modi- 
fications, chiefly because of the large quantities of by-products formed by the oxidation 
reactions. ; 

Ontario Paper Process. A new process for vanillin production from waste sulfite 
liquor has recently been developed (45) and is currently used in production at the 
Ontario Paper Company in Thorold, Ontario. Despite discouraging results by earlier 
workers, this group devised a process whereby lime instead of sodium hydroxide may 
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be used for alkaline oxidation of the lignosulfonate. Lime is added to the lignin- 
containing material, which is presumably a sugar-free waste sulfite liquor. The liquid 
and sludge that result are agitated, and air is bubbled through the mixture. Excess 
of lime must be used, as the lignosulfonie acid oxidation products are acidic, and the 
pH must be maintained above 12. Other critical factors are proper agitation and gas 
flow, coucentration, reaction temperature, and pressure. Following oxidation, the 
calcium salt of vanillin is present in both the liquid phase and the shidge; at optimum 
conditions the bulk of the vanillin salt is present in the liquid phase. The liquid is 
separated by settling or filtration, then acidified with carbou dioxide or other agent 
to yield vanillin. The process has been adapted to continuous processing and the 
resulting increase in yields is greater than that predicted by theory (4). 

It has been suggested that vanillin may be isolated from dilute aqueous solutions 
by means of ion-exchange resins rather than by treatment with organic solvents (40). 


Economic Aspects 


Although the cost of vanillin made from cugenol and similar starting materials 
has always been high ($6.75/lb. in 25-lb. containers, early 1955), the availability of 
large amounts of vanillin from waste sulfite liquor has reduced the price considerably. 
The price of vanillin from waste sulfite liquor (as well as that of vanillin from guaiacol) 
has remained at $3.00/Ib. in 25-lb, containers since about 1945. It is expected that 
expanding U.S, and Canadian capacity will reduce the price still further. 

Synthetic vanillin must compete, to some extent, with natural vanilla extracted 
from the vanilla pod (see Vol. 6, p, 589). Although the flavor of the natural product 
is largely due to its 2-8% content of vanillin, resins and other ingredients of the pod 
alter the flavor to some extent. The synthetic product will always be of consistent 
flavor, whereas the natural product will vary to some degree from batch to batch. 
Marketing of vauillin for flavor uses is to some extent complicated by these differences 
in extracts from natural sourees and the preference of users for vanillin from particular 
raw materials and blencled in specific ways. 

Production figuves for the synthetic product through 1951 as reported by the U.S. 
Taritf Commission are shown in Table I. More recent production figures have not, 
been released. However, it is clear that with the new Monsanto ($1.5 million) 
operation on the West Coast and the similar ($1.8 million) Ontario Paper Co., Ltd., 
operation at Thorold, Ont., North American production is now of the order of a million 
and a half pounds annually. It is expected that the new production will find multiple 
uses in fields other than the already well-supplied flavor field. It is expected too that 
the by-products of vanillin production will find new and extended uses as the price of 
vanillin drops (see p. 609). Figures on imports of vanillin are not available, bnt they 
are believed to be negligible. 


TABLE I. U.S. Production and Sales of Vanillin 1946-1951. 








Year Production, lh. Sales, ih Value, $ Unit value, B/Ib. ° 
1946 566 , 400 574,100 1,400,900 2.44 
1947 968 , 900 891,400 2,735,000 3.07 
1948 982 , 400 793 , 200 2,190,700 2.76 
1949 856,900 +: 852,800 2,245 , 600 2,64 
1950 964,200 980,300 2,845,700 2.90 


1051 990,000 906 ,000 2,654,000 2.93 
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Grades and Specifications 


Vanillin is available in the U.S.P. grade in cartons, bottles, cans, and drums. 
It is also available in reagent and technical grades. The U.S8.P. grade should not lose 
more than 1% of its weight on drying for 4 hours over sulfuric acid; and it should not 
leave more than 0.05% residue on ignition. Vanillin should be stored in tight, light- 
resistant containers. Tt slowly oxidizes on exposure to moist air. 


Analysis 


Identification. Vanillin can be identified by the following tests G1). When a 
solution of ferrie chloride is added to a cold saturated vanillin solution, a blue color is 
produced which changes to brown when the solution is heated to 80°C. for a few min- 
utes. On cooling, a white precipitate deposits. Vanillin can be extracted from an 
ether solution by means of sodium bisulfite solution, then precipitated by acids. Tt 
can also be identified by the white precipitate which results when lead acetate solution 
is added to a cold solution of vanillin. The precipitate is soluble in acetic acid, but 
only sparingly soluble in hot water. 

Determination. <A sensitive colorimetric method that detects 0.2 mg. of vanillin 
with accuracy is that of Folin and Denis (9), in which phosphotangstic and phospho- 
molybdic acids are used. However, 16% sodium carbonate is advised in place of the 
20% solution originally recommended, The modification is the recommended 
A.O.A.C. colorimetric metliod for vanillin (1). The photometric method of Daniels 
and his co-workers (5), using ammonium o-iodoxybenzoate, 1s accurate within 2-3%. 

The gravimetric method of Iddles and his co-workers (13), in which vanillin is 
precipitated as the 2,4-dinitrophenylhydrazone, suffers from the disadvantage that the 
reagent will precipitate any water-soluble aldehyde or ketone. A more specific re- 
agent for gravimetric determination is m-nitrobenzoic acid hydrazide, although this 
reagent will precipitate such aldehydes as veratraldehyde and syringaldehyde. The 
yield of vanillin is about 98.6% of theoretical, and a correction factor may be applied. 

A rapid ultraviolet absorption technique, which is applicable to vanillin and cou- 
marin mixtures and gives excellent reproducibility, is that of Englis and Hanahan (7). 
The method involves dilution, precipitation with lead acetate, extraction with ethyl 
ether, and dilution of the ether extract to a large volume with water. Total vanillin 
and coumarin are estimated from the absorption at 2875 A. The proportions of each 
present are calculated from a simple equation involving values at 2313 A. 

A spectrophotometric method for vanillin determination (17) depends on the fact 
that when solutions of p-hydroxy aldehydes and ketones in ethyl aleohol are made 
alkaline, the long-wave bands of their ultraviolet, absorption spectra are displaced to 
the high ultraviolet (828-370 my). ‘The concentration of any one of these compounds 
can be determined by measuring the density of an alkaline solution in comparison with 
a nonalkaline solution at the wavelengths of maximum absorption. The method has 
been applied to the determination of vanillin alone, vanillin and syringaldehyde, and 
vanillin and coumarin mixtures. 


Uses 


About 80-85% of present vanillin production is used as a flavoring agent for ice 
cream, candies, cookies, gelatin desserts, soft drinks, ete. The balance is wed mainly 
for deodorizers (for example, for rubber), perfumes, exports, aud industrial uses. It is 


VANILLIN 609 


also used Lo some extent to flayor pharmaceutical preparations. Tt has no appreciable 
physiological activity in the small amounts usually employed, 

In perfumes vanillin finds considerable use as a modifier or a fixative (see Per- 
fumes (solates and synthetics)). Tt may be used to impart sweetness to practically 
auy type of odor, while its own characteristic flavor remains masked. 

The industrial uses of vanillin, which are becoming increasingly significant, in- 
elude the prevention of foaming in lubricating oils (43); the preparation of syntans 
for Lanning (44); use as a brightener in zine plating baths (6); as an aid to the oxida- 
tion of linseed oil (11); and as a solubilizing agent for riboflavin (41). Vanillin has 
also been used in the synthesis of papaverine, and in preparing other potentially 
useful derivatives. These include certain hydrazones of vanillin that have a plant- 
killing action similar to 2,4-PD (26) and the zinc salt of dithiovanillie acid Gormed by the 
reaction of vanillin and ammonium polysulfide in aleoholic hydrochloric acid), which 
isa vulcanization inhibitor (8), 5-Hydroxymercurivauillin, 5-acetoxymercurivanillin, 
and 5-chloromercutivanillin have been prepared and found to have disinfectant prop- 
erties (12), Although the 5-hydroxy compound possesses a toxicity towards micro- 
organisms comparable with sodium pentachlorophenate and ethylmercuric phosphate, 
its toxicity towards fish is much less. Tt is therefore of potential interest as a slime- 
control agent in mills where wastes are discharged into fishing streams. 


Derivatives and Related Compounds 


Ethyl vanillin (@-ethoxy-d-hydroxyhenzaldehyde, hourhonal, vanillal), CeT1,0- 
(OHF)C.H,CHO, formula weight 166.17, m.p. 77-78°C., occurs as white crystalline 
needles completely soluble in ethyl alcohol, Ethyl vanillin is a synthetie flavoring and 
aromatic agent of similar odor and flavor to vanillin, but much more intense. It 
is sold under such trade names as Ethavan and Vanaldol, and was priced (early 1955) 
at $6,75/Ib, in 25-lb. cans. 

Vanillic acid (4-hydroxy-3-methoxybenzoic acid, CH,;O0(OH)C,H,;COOH, formula 
weight 168.14, forms colorless needles from water, m.p., 207°C., and sublimes on 
heating, Jt is soluble to the extent of 0.12 gram and 2.5 grams in 100 ml. water at 
14 and 100°C., respectively. Vanillic acid is very soluble in ethyl alcohol and ethyl 
ether. 

Sontrolled potassium hydroxide fusion of vanillin gives very high yields of vanillic 
acid (23), and vanillin is oxidized almost quantitatively ta the acid by silver oxide 
(20): 


oxidation 


CH ,OCOTI)CgIIS;CHO ———> CH,O(OTNI)C,H,COON 


Oxidations of vanillin have also been effected with mercuric und anrie oxides (37). 
A good yield of vanillic acid may also be obtamed by treatment of vanillin oxime 
with acetic anhydride followed by hydrolysis (25), In addition to processes for mak- 
ing vanillic acid from vanillin, several methods of producing vanillic acid in high yield 
directly from isolated lignosulfonates and waste sulfite liquor have been found (88,39). 
Vanillic acid esters are easily prepared in high yield from vanillic acid and the 
appropriate aleohol. These esters have been used as nontoxic food preservatives, 
slime-control agents, disinfectants, in pharmaceuticals, and in suncreams, 
Bthyl vandllate, CH,O(OFLT) CoH, COOC2Hs, formula weight 196.20, occurs as color- 
less necdles, m.p., 44°C.;. b.p. 298°C.; it is insoluble in water, very soluble in ethyl 
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aleohol and cther, and soluble in alkalies. thy! vanillate is less toxic than sodium 
benzoate when administered in oil. During World War II, the U.S. Food and Drug 
Administration agreed to consider the use of ethyl vanillaie as a preservative in 
amounts up to 0.10% where it could be shown that such use would permit the delivery 
of acceptable food products to the Armed Forces. Ethyl vanillate has been shown to 
have remarkable preservative properties in such foods as salt fish and fresh fruit (22). 

Acetovanillone (4-hydroxy-3-methoxyacetophenone, apocynin), CHyCOCs6H:- 
(OH)OCH,, formula weight 166.17, crystallizes from water as colorless prisms, m.p. 
116°C.; b.p., 295-200°C.; it is very soluble in hot water; 7.7 grams dissolve in 100 
grams of ethyl alcohol at 9°C.; soluble in ether and benzene and insoluble in petroleum 
ether. Acetovanillone may occur as an impurity (up to 3%) in vanillin as prepared 
from waste sulfite liquor. For many chemical purposes, crude vanillin containing a 
small amount of acetovanillone as an impurity is available commercially and may be 
substituted for pure vanillin. 
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VANISHING CREAM. Sce Cosmetics, Vol. 4, p. 535. 
VANTHOFFITE, 3Na.S80,Mg5O.. See Magnestum compounds, Vol. 8, p. G14. 


VAPOR-LIQUID EQUILIBRIA AND VAPOR PRESSURE 


In general, this discussion will consider the conditions of equilibrium between a liquid 
and the vapor in contact with it. Temperature, 7’, is the first consideration, and the 
independent variable, as almost always. If the liquid is a single component, the other 
function or dependent variable is the vapor pressure, P, a measure of the tendeney to 
escape from the liquid phase into the vapor phase. ‘This increases with temperature. 
Tf the liquid has dissolved in it a nonvolatile solute, increasing concentrations of the 
nonvolatile component will reduce markedly the vapor pressure of the volatile com- 
ponent at the same temperature. 

Tf both components are volatile, a change in z, the composition in the liquid of the 
more volatile one, will not only affect P (as will also changes in 7’), but it will aiso 
affect the relative amounts of the components volatilized; that is, the composition of 
the vapor, y. Yor solutions of two volatile components, the composition of the liquid 
z and of the vapor y may be expressed as single numbers representing the mole frac- 
tion or percentage of the more volatile component. The difference between unity or 
100% and the given value of x or of y gives the composition of the less volatile com- 
ponent. 

In a ternary solution the composition of the most volatile is indicated first; that 
of the next most volatile one second; and the concentration of the least volatile one is 
the sum of these subtracted from unity or 100%. Solutions of four or more compo- 
nents follow the same system. 

One important magnitude is the energy that has to be added to a condensed phase 
(liquid or solid) to account for the increased molecular activity in changing a part or all 
of it to the dispersed phase (vapor). This is called the latent heat of vaporization and 
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may be expressed per mole or per unit of mass. An equivalent amount is subtracted 
when the vapor condenses as the head of condensation, 

Because of the widespread scientifie and engineering importance of vapor pres- 
sures of liquids, as well as of vapor compositions in equilibrium with liquid compositions, 
there have been numerous references to these interesting functions in many other ar- 
ticles, such as Absorpiton; Adsorption; Data; Distillation; Nvaporation; Cases and 
vapors; Phase rule; Thermodynamics. 


Vapor Pressure of One Component 


There is always a tendency for the molecules to escape from a condensed to A 
dispersed phase; and, for even the least: volatile material, there is assumed to he an 
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Fig. 1. Typical vapor pressure curve: for water from 0°C. to critical 
conditions, and for water and ice near the triple point. 


equilibrium vapor pressure, although this may be immeasurably small. Many com- 
pounds decompose as the temperature rises, and before a measurable vapor pressure 
exists. With higher temperatures, vapor pressure is higher; with lower temperatures 
_ itis lower; this is a very definite relation, which is one of the most precise and repro- 
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ducible of physical-chomical properties of matter, particularly liquids, since most solids 
have comparatively low vapor pressures. When passing from a solid to a liquid phase, 
or through a polymeric or other molecular rearrangement still in a condensed phase, 
this relation of P with 7’ will change abruptly for each molecular arrangement. The 
normal vapor pressure curve for water is shown in Figure 1; it would appear much the 
same for most siugle components. 

Thus, for a solid there will be a definite vapor pressure relation, the mathematical 
evaluation of which will be discussed later. This relation changes at that temperature 
where the solid melts under its own vapor pressure (the so-called triple point). The 
new vapor pressure relation or curve of the liquid increases up to the so-called “critical 
point.” This critical temperature is the highest temperature at which the material 
may be kept in the liquid phase in equilibrium with its vapor; and the corresponding 
vapor pressure (critical pressure) is also the highest. The latent heat, of vaporization. 
becumes smaller with increasing temperature. At the critical point it becomes zero; 
there is no difference between the liquid aud vapor densities, aud no interface of de- 
mareation of the phases at the critical point. Since the term “vapor” presupposes 
“vaporization” and none such takes place above the critical point, the dispersed phase 
above the critical temperature is called a‘ gas,” 

Langmuir (20) considered the kinetie equilibrium at an interface between a 
condensed phase (solid or Jiquid) and a vapor phase; and he expressed the mass rate of 
evaporation (mn, per unit surface) therefrom as: 


m = (M/2rRT,)'*P 


where Af is molecular weight, 2 is the gas constant, 7'; is the absolute temperature 
of the liquid side of the interface, and P is the vapor pressure. The continuous gain 
of the condensed phase by condensation of vapor molecules would be given by the 
same expression, with /’y the absolute temperature of the vapor side of the interface. 
The vet rate of evaporation or of condensation is the difference between these kinetic 
rates. 

Othmer (28) showed that the heat, Q, transferred across this interface may be 
valeulated, if the Clausius-Clapeyron equation (defined below) is substituted in this 
kinetic equation. The expression then is: 


. R \ dP ay 1 
Q= fae] os Ty? — TP 
. (sai) ap Eh v) 


where dP/dT is tle slope of the vapor pressure line for this small temperature range. 
This interesting heat transfer relation shows a variation with the 3g power of high 
and low Lomperatures, rather than the first power as in conduction, or the fourth power 
as in radiation phenomena. In any practical operation, this net rate is exceedingly 
small compared to the number of molecules passing across the interface from the liquid 
to the vapor phases, and vice versa. This may be shown by a substitution of values 
for the heat trausferred aud other quantities in any actual operation. ‘This will give 
an extremely low value of the temperature function difference; that is, the difference 
of temperature hetween the liquid and the vapor. For all practical purposes it may 
thus be assumed conversely that the vapor pressure of a liquid is always equal to that 
at equilibrium, even though evaporation (or condensation) may be taking place at the 
highest rates encountered im engineering practice, Also, this explains why super- 
heated water (as from a steam trap) vaporizes with explosive speed when discharged 
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to a lower pressure; since the driving force, the difference of the temperature function, 
can cause such a tremendous transfer of the heat of vaporization in unit time. 

Tn isolated systems, or those in which there is no heat input to cause vaporization 
of a volatile component, it is assumed that the rates of vaporization and condensation 
are equivalent; and the net effect in either direction is zero. Nevertheless, the pres- 
sure engendered by the escaping molecules, for example from a volatile liquid in a 
closed hottle, is such that the vapor pressure of that liquid at that given temperature 
is always present and is definite and reproducible. (Through careful measurement, it 
is a test of the purity of the compound.) If the bottle is vented and the vapors es- 
cape, continual evaporation takes place to equal the net escaping tendency at the am- 
bient temperature. Ileat of vaporization must be supplied, however. In an isolated 
or insulated system such heat can come only from that of the liquid itself, which is 
thereby cooled down to & temperature where the escaping tendency is in equilibrium 
with the ambient vapor pressure; and there is no further evaporation. (Tis is an 
application of LeChatelier’s principle.) 

Mathematical Expression of Vapor Pressure with Temperature. The exact 
relationship between vapor pressure and temperature is a consequence of the first and 
second laws of thermodynamics (q.v.) (sce also Gases and vapors) and is expressed in 
molar quantitics as: 


dP/dt = L/Ve _ V,)T 


where P is the vapor pressure, T is the absolute temperature, Z is the heat of vaporiza- 
tion, Vg is the volume of vapor, and V, is the volume of liquid. 

This equation may be written as the Clausius-Clapeyron cquation by assuming 
that: (7) the liquid volume is negligible compared to vapor volume, and (2) the vapor 
may he treated as an ideal gas (that is, PV, = RT, where RP is the gas constant): 


dP/aT = LP/RT? 


Many theoretical and empirical methods of correlating and plotting vapor pres- 
sure data have heen proposed. These depend on the integrated form of the Claustus- 
Clapeyron equation, in which the heat of vaporization is assumed constant: 


log P = B— (A/T) 


Another form is the Antoine equation: 
log P= B-A/(C+ 1) 


Tables of these constants, A, B, and C, for many substances have been computed. 
Yor short ranges of temperature these equations hold, and yield a line that is almost 
straight when log P is plotted against the reciprocal of T. Yor greater ranges of tem- 
perature the lines become more curved, indicating that the assumptions are uot appli- 
cable. A principal one is that the latent heat is constant and this does not hold since, 
as temperatures increase, this decreases. Another is the assumption of the ideal gas 
laws, which are widest in their deviations for vapors near their condensing points. 

Numerous empirical equations have been devised as extended modifications of 
these to express more accurately vapor pressure relations by means of from 3 or -t to 
8 or 10 constants and temperature values raised to various powers, 

One empirical correlation of vapor pressures is the Cox chart (10), developed for 
substances of the same family, such as the series of straight-chain aliphatie hydro- 
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carbons. On a sheet of unruled paper the pressure scale is laid off logarithmically 
from asliderule. A straight line at a suitable angle, assumed as the curve for saturated 
steam, is laid off from this. For each temperature, the corresponding pressure (from 
the steam table) is marked on the diagonal axis and projected to the temperature scale. 
Members of famihes of homologous hydrocarbons are plotted against this “entirely 
arbitrary” temperature scale; they yield substantially straight vapor pressure lines 
which have been said to intersect in a single focal point, although careful work shows 
that this is not exactly the case. One drawback of this empirical plot is the nuisance 
of preparing and muing from a blank sheet the graph paper to be used; and another is 
that no provision is indicated for interrelating heats of vaporization. 

The principle of utilizing a standard reference substance in vapor pressure correla- 
tion was first employed, entirely empirically, in the Dihring chart. Here the boiling 
point of a given substance is plotted against the boiling point of a reference substance 
taken at the same total pressure. Lines that are almost straight result, providiug the 
tange of temperature is not too great. Compare Vol. 1, p. 408. Here again no pro- 
vision is made for interrelating latent heats of vaporization. Because the correla- 
tion is in terms of temperature as the dependent variable, it is awkward to use for 
vupor pressure data which are usually tabulated at even values of temperature. The 
Dithring chart has been modified to increase its range by replacing the temperature 
with the logarithm of the absolute temperature—this is the so-called Li chart (21). 
A. still more accurate method of plotting that gives a similar effect to the one next 
discussed is that of Perry and Smith (48) for reciprocal temperatures at the same values 
of pressure. 

A more recent method of correlation (29) eliminates most of the objections given 
above; thus, it has been shown (see Data (correlation)) that a convenient and relatively 
accurate expression of vapor pressure as a function of temperature may be made 
utilizing a reference substance, and the equation: 


log P = (L/D’) log P’ + C 


Tn this, C is a constant of mtegration having the desired units of pressure; and ZL’ 
and P’, respectively, are molar latent heat and vapor pressure of the reference sub- 
stance which is always taken at the same temperature as that for the substance in 
question, L/L’, the ratio of the molar latent heats, is a very useful term by itself 
and is identified as m. 

This function presupposes the constancy of the ratio of the molar latent heats of 
the two liquids (preferably not too different in their properties). Both are diminishing 
according to the same law with increasing temperature (as indicated above, since at the 
critical points they must vanish), It follows that the ratio is much more nearly con- 
stant thao is either one singly. Furthermore, this reference substance equation, by 
relating the changing function of two substances, minimizes the ahsolute deviations of 
each from ideality of the gas laws, which are other assumptions of the familiar log P 
versus 1/7' plot. This is done by comparing the similar deviations of two different 
vapors at their condensation points, 

The values for vapor pressures may readily be calculated for any substance using 
this equation and the appropriate constants mand C. For some 600 compounds these 
constants have been tabulated (38) on the basis of water as a reference substance and 
in units of millimeters of mercury, pounds per square inch, and atmospheres. Table I 
is a listing for a score of representative compounds. Thus, to determine the vapor 
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pressure of ae ‘ompound, such as acetic acid af 160°C, the vapor pressure of water at 
this temperature is taken from a standard source as if 670 mm. The values of m = 
6.960 and Cam, = —@.148 are taken from Table ©. Substituting in the above equa- 
tions gives: 


log P = 0.960 (3.670) — 0.148 = 3.374 


from which P = 2,370 mm. This compares favorably with the accepted value of 
2,400 mm. from the literature. 

Pressures may be expressed in any desired units, but the corresponding values of 
C must be used. Values of C are piven in Table J for pressure twits in pounds per 
square inch absolute, millimeters of mercury, and atmospheres. The value of Cy 
for any pressure anit is determined from the valuc of Cyim, from. the basic equation: 


C. = Crm. #& = mm) log 2, 


where 2, = number of pressure waits per atmosphere. For example, Coan. = Cain. “+ 
(1 — m) log 760 = Cyn, - 2.881 (L ~ m). 


TABLE I. Values of m and of C for Various Liquids. 


y or use in eau tation: 














or in nomogre ain, Mig. 38 Port use only in equa ution 
T, atent heat 

ratio, 7 Cron, Can. %. acienc! 
n-Pentane 0.633 +0.773 +1, 831 + I. 201 
n-Hexane 0.720 -+0.380 +1.187 +0.706 
a-Heptane 0.807 4-0.015 +0. 571 +0.240 
n-Octane 0.909 —0.338 —0.076 —(), 282 
Benzene 0.770 +0. 250 +0,918 +0.518 
Ethylbengene Q,940 —0.470 ~—0,297 —0 400 
Toluene 0.853 —0.137 +0.286 +(),0384 
n-Bulylhenzenc 1,115 —1.142 —1.474 —1.276 
Carbon tetrachloride 0.722 +0. 278 +1079 +0602 
Chloroform 0.718 +0485 +1.298 +0,814. 
Chiorobenzene 0.900 ~—0,410 —0.122 —0 293 
3-Chlorotoluene 1.085 —0).837 —0.938 —0.878 
1,2-Dichloroethane (ethylene dichloride) 0.770 -+-0.200 +0). 868 +0. 568 
Methanol 0,885 +0.532 +0, 864 -+0.666 
Nthanol 0, 958 +0.840 +0.461 +0..889 
a~Butanol 1.090 ~ 0.300 —0, 560 —0, 405 
Avetic weld 860 —0).263 —0. 148 —0.216 
Ethyl acetate 0.785 +0.,300 4-0. 920 +0. 551 
Aniline 1,170 —1.220 —-1.710 —1,418 
Carbon disulfide 0.860 +0. 650 -- 1.630 +1046 
Acetone 0.737 +0). 555 +1,318 +0. 862 
Tthyl ether 0.688 ~ +0.800 +1. 848 +1, 223 


Cum, = Cot. + HY _ mm) log 760. 
’ Ch. aia, F Coto. + er _ m) log 14.7. 


Log P vs. Log P’ Vapor Pressure Plot. The method of making this vapor pres- 
sure plot on standard logarithmic paper is through the use of a reference substance whose 
vapor pressures (and lateut heats, desirably) are known at the desired temperatures. 
The X axis is calibrated for the vapor pressure of the reference substance, and it has 
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corresponding wiiformly chosen points of temperature indicated thereon, Vertical 
lines are erected for the temperature ordinates at these points; and valves of vapor 
pressures from the logarithmic ¥ axis are plotted directly against. these temperatures to 
give pouits falling on a straight line. For example, in Figure 2 the data are plotted for 
acetone against water as a reference substanee. 

The slope of the line represents the ratio of the molar latent heat of acetone to the 
molar latent heat, of water at any given temperature. Obviously, it is possible with 
two values of the vapor pressure, such as the boiling point and one other value, to 
represent the function throughout the entire range. Alternately, a line might he 
plotted frony @ single point (for example, the boiling point) and the slope of the line, 
as obtained from the relative molar latent heat of the liquid in question at any tem- 
perature divided by the molar latent heat of water at (he same temperature, 
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Fig. 2. Method of making logarithmic plot of yapor pressure of acetone 
vs. Yapor pressure of water at the same temperature. The three steps are 
shown, starting with a standard sheet of logarithmic paper. 


For homologous series, the vapor pressure lines of successive members intersect 
the line of any one at a spaced relationship that may be determined (29). These 
intersections are far outside of possihlé vapor pressures (being above the critical) and 
not far apart. If data for only one member of the series are lacking, the line may be 
drawn using only one point (or the slope from the latent heat relationship) and the 
intersection that may be estimated, Jf several or more members have conchisive 
date missing, lines may be drawn from one intersection and single points, within the 
accuracy requirements of most engineering work. 

The plotting method indicated above is adequate for practical uses and equals the 
precision of most experimental measurements when standard, usual size logarithmic 
graph paper is used. The equation itself may also be used directly, with results as 
close to the probable correct value as most experimental measurements. Greater 
precision may be obtained, when the data warrant, through the use of larger-size 
graph paper, since very accurate yapor pressure data of suitable reference substances 
are available. (When inconvenient ranges are involved, ordinary graph paper may 
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he used, with logarithms superimposed at avy desired seale on the axes.) Reduced 
pressures and temperatures (30) correlate accurately hy this method even for the most 
precise date yet reported. 

Vapor Pressure Nomogram. Livwre 3 gives the vapor pressure frmetion for all 
volatile materials up to about 870°C. and 100 atm. Tt has been derived by Othmer 
and Maurer (88) from the referetce substance plot and the basic equation above. 
Two logarithmic seales are erected vertically, a distance D apart. The left scale, 
corresponding to the pressure, P, is calibrated logarithmically from bottom to top. 
The right scale is first calibrated logarithmically from top to bottom for values of P’, 
the vapor pressure of water. Against these values are made the final calibrations of 
temperatures T in both degrees Centigrade and degrees Fahrenheit. 

A pivot pomt must be located between the two scales for each compound. A 
straight line through this pomt intersects the left scale at a vapor pressure correspond- 
ing to the temperature indicated by the intersection with the right, scale. The position 
of this pivot point depends on values of m and of C in the equation. Single pivot 
points may be labelecl for each compound; but for a general nomogram there are too 
many such points for mdividual location. It is therefore necessary to establish a 
system of coordinates or grid by which any point muy be located. 

As a first step, it can be shown that different compounds having the same value 
of m have pivol points ou the same vertical line. \The value of m thus determines 
the relative distances of the pivot point from the two scales. Each value of ( may be 
shown to be represented by one of a sheaf of times through the pomt on the right seale 
when the vapor pressure of water is 1 atm, and the temperature is 100°C. An angular 
grid-work is thus established for locating values of m and C for any number of com- 
pounds, using the parallel vertical lines of different values of m and the sheaf of lines 
of clifferent values of C. This grid defines the basic equatiou and interrelates directly 
values of temperatures, vapor pressures, molar latent heats m, and the coustant C. 
Values of m and ( for locating individual pivot points for each substauce are obtained 
in one of four ways: 

(1) Values of C and of.m are tabulated for the compounds listed i Table I, and 
for many more in refereuce (38). These give immediately the pivot point at the 
intersection of the correspondig vertical line of m and the cross line of C. 

(2) For other compounds, lines joining the corresponding points on the left and 
the right axes are drawn for values of vapor pressure at two temperatures. If vapor 
pressures at several temper atures are known, several such lines may be drawn to 
obtain the pivot point, and thus casual mistakes are avoided. The intersection gives 
the pivot point. (Theidentally, it also gives the values of the molar lateut heat ratio 
m—from the vertical line.” Thus, the latent heat may be calculated at any tempera- 
ture. It also gives the value of ( in atmospheres for use in the equation, if desired.) 

(3) Tf the latent heat is known, the molar latent heat is calculated, and that for 
water is also obtained al tle same temperature, so that the ratio m is found, The 
normal boiling pomt (or other smele vapor pressure pomt) must also be known; and a 
single line connecting the corresponding values on the two scales is drawn. The 





Fig. 3. Vapor pressure nomogram for materials at different temperatures. To use: (i) the values 
of mand ¢ are found from the table, or from experimental values of vapor preysures at two points, 
or at one point and the value of latent heat; (2) these values of m and ( locate a point on the grid, 
through which (4) a line is drawn to intersect on the left senle the vapor pressure value corresponding 
to the temperature value intersected on the right scale. 
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intersection of this line with the vertical » line at the determined value gives the pivot: 
point, and the value of C for use tu the equation, 

(4) If data for two vapor pressures, or for one vapor pressure and the latent heat 
ate known as in (2) or (3), values may he substituted in the basic equation log P = 
L/L! log P? + Cand solved algebraically for the values of m and C, which determine 
the pivot port. 

Although values of C in other wits than atmospheres are listed in Table I for use 
in the equation, the nomogram is based on values in atmospheres. Valnes of pressure 
may be reac directly on the left scale in millimeters of mereury, or calculated in other 
units, however, withoul other adjustment. 

The pivot points on ® nomogram for all hydrocarbons, either slraight-chain, 
branched or eyelic, fall on a straight line (55). To prevent confusion in using Fig. 3, 
this hydrocarbon line has not: been drawn, but it may be drawn across the eonter grid 
from the point on the top where m = 0.445 and C = +1.5 to the pomt on the bottom 


where m = [47 and C = —2.5. (The equation of this line across the central grid is 
C= —3.90m + 3.24.) Thus, for any hydrocarbon, only one value of vapor pressure 


(for example, the boiling pomt) is necessary since the intersection of the corresponding 
line between the scales with this hydrocarbon line will be the pivet point. Alter- 
nately, a single latent heat value, giving the m line, will also indicate the pivot point 
for the compound hy intersection with the hydrocarbon line. 

Other iquids—or solids having vapor pressures in the mdicated range at. the tem- 
peratures covered—may also have their vapor pressures indieated on this nomogram. 
Ii values of vapor pressure are known at two temperatures, the (wo corresponding 
lies are drawn on Figure 8; and their interseetion will be the pivot point for this ma- 
terial; tts values of X and Y may be read and tabulated. 

Extent of Vapor Pressure Funetion. Usually the vapor pressure funetion of a 
liquid as defined by the Clausius-Clapeyron equation, and as correlated by the refer- 
ence substance equation and plot or nomogram, extends thronghout the entire range 
hetween the triple point and the critical point. 

Below the triple point, the slope of the vapor pressure line of the solid represents t 
function of the heat of sublémation, that is, that required to pass from the solid to the 
vapor stage, The relative steepness of this curve (or straight line on the logarithmic 
plot) is due to the fact that the heat required to change a mole of the condensed phase 
into a mole of vapor must include the heat to melt ag well as the heat to vaporiac. 
The sum of these heats is called the heat of sublimation, which may be found fram the 
slope of the vapor pressure line of the solid. The difference in the slopes of vapor 
pressure of solid and of supercooled liquid may readily be found; and this difference 
rmaultiplied by the latent heat of the reference substance at the same temperature indi- 
cates the heat of fusion of the liquid or the heat of melting of the solid. 

Vapor pressures, by definition, discontinue at the eritieal point, There also 
may be for some relatively few compounds a discontinuity in the vapor pressure rela- 
tion at other particular temperatures (indieated most, noticeably by s break in the 
straight line of a plot such as Figure 2), This is due to some change in the chemical 
structure of the liquid. Thus, for example, a material thal. changes its polymeric 
form, or that goes through some transition point of chemical rearrangemeitt (for ex- 
ample, sulfur), will have some heat effect associated with such x transition and hence 
with the latent heat and the slope of vapor pressure line, 

In dealing with the vapor pressures of solutions of nonvolatile substances in a 
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volatile liquid, the vapor pressure of the liquid out of a solution of given concentration 
is markedly reduced or, as often expressed, the boiling point is elevated. The slope 
of the line represents the total heat involved in the escape of a mole of the liquid to the 
vapor phase; and it is the heat of vaporization plus the heat of “un-solution,”’ as it 
were, often called the heat of dissolution of the liquid from the solid, that is, the nega- 
tive heat of solution, If there is a positive heat of dissolution, the slope is greater than 
that: of the vapor pressure line for a pure liquid; if a negative heat of dissolution, ib is 
less, [In cither case, there may readily be determiied the value of the heat of solution 
from the vatues of the vapor pressure, if these are known only at any two temperatures 
and are plotted by the system above indicated. 

The vapor pressure of the liquid from the solution. varies also with the concen- 
tration of the nonvolatile solute. ‘This is of great importance In many technical appli- 
vations, such as evaporation (gv). The higher the concentration of the solute, the 
greater the reduction in the vapor pressure; this is imited by the solubility of the solute 
in the solvent. Nevertheless, the same Jaws aud method of plotting may be utilized 
for each different concentration of solution. A special method has also been devised 
by Othmer and Silvis (£1) for plotting the boiling-point elevation directly. 

Similarly, there is a vapor pressure function for water out of hydrates and for 
various other volatile materials out of similar loosely bound compounds. These 
functions follow the sume laws and may be plotted to give the same curves, or straight 
lines on the logarithmic method of plotting (29), as the usual vapor pressure phenomena. 

Othmer and White (46) bave discussed the solubilities of gases in liquids and have 
shown that these values of amounts dissolved, as dependent on temperature and 
amount in the gas phase, may better be considered, conversely, us partial pressures of 
the gases out of solutions of fixed concentration. Such a method of expression then 
follows exactly the vapor pressure concept; the same methorls of correlating may be 
used, Heats of solution may also be determined from the slopes of the lines, aud prob-. 
lems in gas absorption may he simplified. 

Likewise, the adsorption of a vapor (or of a permanent gas) by a solid, such as 
activated carbon, may be expressed best (87,40) as a vapor pressure relation of the 
vapor or gas out of the solid that has adsorbed thereon a fixed amount of the vapor or 
gas. Heats of adsorption may alse be considered and determined. 


Binary Solutions 


The several aspects of vapor pressure discussed above are known to be directly 
comparable for binary solutions wherein both liquids are volatile. In this ease it is 
often desirable to express vapor pressure not only as the total pressure exerted by the 
system, but algo as partial pressures of the individual components, Tt is alten con- 
venient bo use the reference system of platting for either total or partial pressures, and 
it may be desirable to use one of the pure liquids themselves as the reference material. 

The partial pressure of one constituent will have a different vapor pressure rela- 
tion with temperature than if it were pure, owing to the elfect. of the vapor pressure of 
the other constituent. Hence it is necessary to specify another function; that is, 
the vanor composition, y, in mole fraction or per cent of the more volatile component in 
the vapor in equilibrium with the liquid of composition a, 

The most simple, and useful, plot involving vapor composition is y = F(x) in the. 
so-called a,y plot at constant total pressure of vapor composition versus liquid com- 


622 VAPOR-LIQUID EQUILIBRIA 


position, as in Figure 4(b). Here the 45° diagonal indicates the equivalence of com- 
position of the two phases. An older expression is the plot of Figure 4(a), also at 
constant total pressure, of temperatures of boiliug and of condensing to give the famil- 
jar boiling point and dew point for any given composition. Any horizontal line be- 
tween the two curves intersects the equilibrium composition conditions between the 
two phases at the boiling or condensing tempcratire. 
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Fig. 4. Benzene(1)~toluene(@) mixtures. (@) Vapor-liquid curves. Upper 
or vapor line is the dew-point curve; lower or liquid line is the boiling-point 
curve. Horizontal dotted line between the two curves shows the phase equi- 
libria at a given temperature (102°C.); this distance between the curves is 
equal to the horizontal distance in (b) between the curve and the diagonal for 
the same value of x. (b) Vapor composition in equilibrium with liquid com- 
position expressed in mole fractions bengene—the more volatile (2, curve). 


A compilation of reported data of vapor-liquid equilibrium has been made by 
Chu (7), from which many of the data following have been taken. 

A correlation of total pressures throughout the entire range up to the critical is 
more difficult for binary solutions because of the much more involved relations of 
P, T, @, y data and their representation in the critical range, as compared to the rela- 
tively simpler P, T data for a pure liquid. One usual method of such presentation is 
shown in Figure 5, wherein isotherms arc plotted on a pressure versus composition 
plot. Gilmont, Roszkowski, and Othmer (15) showed that a logarithmic, reference 
substance plot could be made using reduced temperatures and pressures that present 
all P, 7, x, y data for most systems asa sheaf of straight lines intersecting ab the point 
1,1. In this figure, the line of critical locus gives the pressure and temperature rela- 
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tion for the critical conditions for all compositions of the binary. The line of cricon- 
dentherm locus defines those pressures at different compositions at which the iso- 
therms reached their maximum composition. The line of maximum pressure locus 
represents the envelope enclosing the isotherms for the maximum pressure of the lines 
of constant composition under any variable conditions of pressure and temperature. 

Other useful functions that follow directly from the vapor pressure relations are 
the equilibrium constant K = y/2, the relative volatility a = y(1 ~ 2)/x(l — y), and 
the activity y = Py/p%%, where P is the total pressure, and p® is the vapor pressure of 
the more volatile component in the pure state. 
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Fig. 5. Total vapor pressure in system methane-n-pentane against weight fraction 
methane (15). Isotherms are shown; the right side of each loop represents a yapor or 
dew-point curve, the left side a liquid or boiling-point curve. 


All of these functions may be correlated by the same method of reference sub- 
stance plotting on logarithmic paper against the temperature scale derived Irom the 
yapor pressure of a reference liquid, as indicated above. They may also be correlated 
directly by another method developed by Othmer and Gilmont (35,36) which docs not 
use a reference substance. ‘This is a direct logarithmic plot of the function against the 
total pressure on the system, and gives another system of straight lines, the slopes of 
which are also ratios of latent heat expressions. 


CLASSES OF BINARY SYSTEMS OF VOLATILE LIQUIDS 


There are several types of binary mixtures, classified as to the composition of 
vapors in cquilibrium therewith. Usually, the compositions are expressed at a con- 
stant pressure, atmospheric being the most common. In some cases, data for theoreti- 
cal uses are also presented at constant temperature with variable pressures. 

Idea). In the perfeetly ideal solution of two materials, the composition of the 
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vapors that arein equilibrium with the liquid would be calculable directly from Raoult’s 
law Gin this casey = 1). The boiling pomt would also always be between the boiling 
points of the two pure liquids. Comparatively few binary mixtures, except those of 
close homologs, fall in this class. The solution of benzene and toluene is about as 
clase to an example of an ideal solution as any solution of actual materials, This is 
shown in Figure 4. Other nearly ideal solutions are of related straight-chain hydro- 
carbons af close boiliug potnts, 

Concavity Upward. For most, mixtures there is slight association of one or both 
liquids, or other reasons for deviations from Raoult's law. Thus, for example, in the 
case of water and acetic acid, a curve such as that shown in Figure 6 is obtained Gt 
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Fig. 6. Water(1)-acetie acid(2) mixtures. The dotted tine in (h) indicates the ealeulated valne 
of the vapor composition from the assumption of ideal solutions, utilizing Raoult’s law. Near the 
Upper corner, the avtual vapor eompasition curve is concave upward, 


is expressed in terms of water, the more volatile). The correspouding curves caleu- 
lated from Raoult’s law are given to show the extent of deviation from ideality. The 
boiling points of all mixtures fall m between the boiling points of the pure compounds; 
but mixtures high in the more volatile component may approach its boiling point. 
Another similar example is acetone and water at 1 atm. shown in Figure 7; in this case 
also there is a decided couecavity upward in the aurve. 

Minimum C.B.M. There are also several types of mixtures called azeotropic or 
constant-boiling mixtures, or simply ('.3.M. (Azeotropic comes from Greek words 
meaning “to boilimchanged.”) Jn the plot of the vapor composition versus the liquid 
composition, if the curve crosses the 45° diagonal, the vapor aud liquid have the same 
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composition; that is, at that point there is no change in composition, and distillation in 
the ordinary sense will not accomplish a separation. On the boiling point diagram 
this is shown by a dip of the curve, which meets the dew-point curve at the C.B.M. 
Both curves drop below the temperature of boiling of the more volatile component; 
or both curves rise to intersect at a C.B.M. with a temperature higher than the boiling 
point of cither pure compound, 

The most common such mixture is a minimum constant boiling mixture such as 
that of acetone and water at elevated pressures, as shown in Figure 7. A simple 
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eral 2,y curves are shown in (0) at different pres- An example of a heterogeneous azeatrope 
sures. A homogencous minimum-boiling azeo- in « system of practically complete 
trope appears when the curve crosses the di- immiseibility. 
agonal, The first one ig at approximately 2.5 
atm. 


example at atmosplieric pressure is cthy] alcohol and water; see Vol. 1, p. 269, and Fig. 
16. Here it is found that the composition at approximately LOmole per cent ethyl alcohol 
is such that there is no difference between liquid and vapor; and no simple rectification 
by distillation is possible. There are numerous other pairs of liquids in this class. 
The x, y curve for ethyl aleohol and water in Figure 16, is for atmogpheric pres- 
sure; but if the data are plotted for lower pressures, the composition of the C.B.M. 
moves up the 45° line and finally disappears at 100%. At pressures below about 75 
mm. there isno C.B.M. Similarly, the curve for acetone and water, which at atmos- 
pherie pressure has only a slight concavity, at higher pressures becomes more and more 
concave upward, as shown in Figure 7. Ahove about 2.5 atm. pressure, a C.B.M. 
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appears; and its composition Gu acetone} becomes Jess as pressure rises, hus if is 
felt that there is no sharp demarcation of kind for mixtures having C.B.M. from those 
which do not; and many may be regarded as simply deviating more and more from the 
ideal at higher pressures until findly a CBM. appears. There are some mixtures, 
for example, acetic actd and water 2,43), that exhibit properties that are far fram 
ideal, and yet never show a C.B.M, up to pressures in the critical range. On the other 
hand, there are other mixtures that show C.B.ML.'s (of varying composition) through- 
oul the entire pressure and temperature range investigated, 
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Fig. 9. Water(1)~l-butanol(2) mixtures. An Fig. 10. Water(1)-formic acid(2) mixtures. 
exemple of a heterogeneous azcotrope in a system An example of s homogeneous maximum-boiling 
of partial immiscihility, azeotrope, indicated in (b) by w,y curve inter- 

secting diagonal from beneath. 


Immiscible and Partially Miscible Mixtures. The vapor-liquid equilibria for 
immiscible liqtids are analogous (o the eubeetie mixtures in lignid-solid equilibria. 
For completely immiscible liquids there would be a single vapor composition (and 
single boiling point) for all finite ratios of amounts of the tivo liquids, that ig, all liquid 
compusitions. Such a system has what is called a heterogeneous ageatrope to distinguish 
it from the homogeneous azeolrope, a single liquid phase, both boiling and condensing. 
The heteragencous azeotrope bas a minimum ©.B,M. at the point where the horizontal 
y line of the 2, y diagram crosses the £5° line. The vapor pressure of each component, 
acts substantially independently of the other; and the total pressure for the two 
liquid phases is eqnal to the stm of the vapor pressures of the two pure components. 
This higher pressure than for either naturally corresponds to a lower boiling point of 
the mixture, 
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The relative solubilities of benzene aud water are sufficiently small so that a system 
of these two liquids very closely approximates one of complete inimiscibility. [ts 
vapor-liquid composition curve is shown in Figure 8 and consists of a horizontal line of 
the same vapor composition throughout. the entire liquid range between the solubility 
of water in benzene (ess than {%) on the right, and benzene in water on the left 
(also less than 1%). The entire relationship can be calculated from the vapor pres- 
sures of the pure components and the molecular weights. 

Tt is much more conmmon to find mixtures of liquids that exhibil. partial solubility 
in each other. Thermodynamically, there must ahvays exist some purtial solubility, 
even though this may be so small as to he considered zero for practical purposes. 
Thus the system water and I-butanol shown in Figure 9 is an example of partial im- 
miscibility, Again there is a horizontal portion of thee, y curve aver whieh the vapor 
composition is coustant; and this crosses the diagoual. There is thus a heterogencous 
azcotrope or mmimum coustant boiling mixture at this point, The regions of partial 
miscibility are to the left and right of the two-phase Hquid section, which defines the 
straight, horizontal section of the vapor composition curve, In these miscible parts, 
the curve resembles that of a homogencous azeotrope of minimum boiling point, If 
the pressure is increased, the boiling temperatures become higher; and for butanol 
and water there is complete miscibility. The horizontal section of the vapor composi- 
tion curve becomes less and less wide; and the system finally loses this characteristic 
heterogencous azeotropy—although it continues to have a homogeneous C.B.M. 

If the degree of mutual solubility of comparable systems decreases (for example, 
in plots for systems with water of alcohols of increasing number of carbon atoms, and 
hence decreasing solubility), the curves show at atmospheric pressure: (7) for meth- 
anol, & coneavity upward; (2) for ethyl aleohol a minimum ©.B.M.; (8) for |- 
butanol, a heterogeneous C.B.M. with a horizontal line of fixed vapor composition over 
a part of the range; and (4) for higher alcohols, an increasing range of the immiscible 
section with a greater length of the straight and horizontal section of the vapor com- 
position curve. 

Thus it follows that all except ideal systems seem related; and differences between 
different systems are really not of kind, but of degree of increasing deviation from 
ideality in exhibiting curves from: (7) concavity upward, through (2) homogeneous 
minimum ©.B.M. to (8) heterogeneous C.B.M. This variation may be from lower 
pressures and temperatures to higher, or else in the reverse direction; and seems to be 
reluted to the mutual solubility characteristies of the two liquids. (The entire range 
is not usually experienced for most pairs of liquids.) 

It is interesting to note that only those systems that may be called completely and 
ideally miseible, and those that ave completely cnumiscildec may have their vapor com- 
positions calculated from their vapor pressures with any accuracy. 

Ip sume rare systems a curve may cross the 45° linc to form a C.B.M., and at a 
lower point ¢o the left euter the horizontal stretch characteristic of the immiscible 
range (like a peritectic mixture for liquid-solid equilibria). Here there are exhibited 
both the homogeneous C.B.M. and the heterogeueous phenomenon of two-phase 
liquid and vapor condensate, but in this case the vapor composition of the C.B.M. 
lies outside the range of concentrations when there are two liquid phases, Such an 
example is the system methyl etly! ketone und water (83,34), 

Steam Distillation Phenomenon. There are other heterogenous C.B.M.s than 
those including water, Water, however, is largely immiscible with many orgatic 
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liquids, and it is said to“steam distill” with them due to the additive vapor pressures of 
these immiscible combinations. Effectively, the temperature of boiling of the liquid is 
reduced; and even if it is otherwise relatively high-boiling, it may be swept along in 
spite of its low partial pressure by the higher and additive vapor pressure of water at a 
temperature low enough to prevent the decomposition which otherwise might result. 

Maximum Constant Boiling Mixtures. These are relatively few and they are 
always homogencous. The reason for their formation is even less subject to predic- 
tion; and appears to be due usually to an association between the components, such as 
uhydration of volatile acid molecules by water; for example in the case of the respec- 
tive binary mixtures with water of formic, nitric, and hydrochloric acids. A variation 
of the molecular speeies thus indieates a change im the relative pressures. Pairs of 
organic liquids in this class are also known; aud studies of the possible chemical and 
molecular structures might be interesting. 

The a, y, and boiling-point curves are shown for a typical example, formic acid 
and water, in Figure 10 (32), the 2, y curve uecessarily having the two sections in 
reversed positions as compared to those for a mixture having a minimum C.B.M. 
Here again it follows, however, that rectification by distillation of a mixture to cither 
side of the C.B.M. would give only the one pure component (in either case, the heads 
product) with the C.B.M. as the other product (in this ease the belfoms product) of a 
still, even if it were of infinite length. 


CORRELATION OF VAPOR-LIQUID EQUILIBRIA 


Correlation Through a Range of Pressures. Methods of plotting and correlating 
P,T,2, y data are indicated above utilizing the vapor pressure of a reference substance 
as a means of deriving the temperature scale. The slopes of the vapor pressure lines 
for different liquid compositions may be used to calculate the vapor composition curve 
directly (29); and the method, which is thermadynamically sound within the minor 
limitations already indicated, may also be used in reverse to obtain vapor pressure 
data for an entire pressure range if accurate data on vapor-liquid equilibria are 
available at tsvo pressures, 

Variations of these methods for correlating the vapor compositions of such equi- 
libria are also available which give straight lines over wide ranges when plotted either 
against the total pressure (35) or against the derived temperature scale. One system 
that deviates greatly from ideality is that of hydrochloric acid and water. Its vapor 
vomposition curves in Figure 1} are seen to be straight lines by this method. This 
fact udds to the confidence that ean be given to the experimental data. Another 
very sensitive function widely used in correlation of vapor-liquid equilibriums is the 
activity coefficient, y. It is usually associated with and derived from vapor pressure 
data, but it may also be determined for the hydrochloric acid and water system from 
precise electromotive force measurements, The data of Akerlof and Teare (1) arc 
plotted in Figure 12. The lines are straight, as they should be from the thermo- 
dynamic considerations on which the plots are based, and the slopes are equal to the 
ratio of the heat of solution to the Jatent heat of water. Thus activities from either 
vapor pressure or other experimental techniques may be correlated per se or used as a 
means of correlating or predicting vapor composition data, 

Correlation at a Single Pressure or Temperature. In few cases are data available 
over a range of temperatures and pressures. Therefore methods are ueeded that are 
applicable to data taken at a single pressure (3,11,16,39,59). The fundainental basis 
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of most theoretical methods of correlation is the Gihbs-Duhem equation, which is a 
consequence of the first und second laws of thermodynamics applied to multicompo- 
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Fig. 11. Logarithmic plot of the vapor composition (y) of solutions of hydrochloric 
acid in water ys. a temperature scale derived from vapor pressure of water (35). 
The straight lines are for constant liquid compositions, 
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Fig. 12. Logarithmic plot of activity coefficients of water from aqueous solutions of 
hydrochloric acid, plotied against the temperature scale derived from the vapor 
pressure of water (85). The straight lines show the variation of activity coefficients 
with temperature at constant liquid compositions. 


nent systems; and is stated in terms of activity coefficients at constant temperature and 
pressure: 


tid low yr + aad log ye, + ad log ys +... = 0 
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This applies to a homogencous phase in equilibrium consisting of two or more inde- 
peudent. components in whieh v1, 2, ete. are liqnidl compositions. The correlation 
of the cquilibritim between vapor and liquid makes use of another thermodynamic prin- 
ciple from Gibbs; that is, the pressure, temperature, and chemical potential of each 
component inust be the same in both the liquid and vapor phases. Chemical poten- 
tial is defined as the partial pressure (or more accurately by fugaelty, which is the ther- 
modyuamically corrected partial pressure). Thus the activity coefficient in the liquid 
may be defined in terms of (he partial pressure in the vapor phase (assuming that the 
vapor obeys the ideal gas law) as stated previausty : 


rh, 
y= Prnfpyer 


This equation is expressed for component. 1, but is equally applicable to the other com- 
ponents. Py, is the partial pressure of component | in the vapor phase, and pres is 
the partial pressure according to Raoult’s law, that is for an ideal liquid solution. 
Thus, the activity coefficient is seen to be the direct ratio of the actual partial pressure 
of the component in the vapor phase to the ideal partial pressure according to Raoult’s 
law; in other words, it is a measure of the nouideatily of the system. For ideality 
y= Ll. Positive deviations from ideality give activity coefficients greater than unily 
(positive logarithms) and negative deviations give activity coefficients less than unity 
(ucgative logarithms). In applying these last two equations to the correlation of yvapor- 
liquid equilibria, it should be emphasized that the assumptions made in their der- 
ivation will not necessarily allow exact results in their use; however, in most cases at 
ordinary conditions the errors due to these assnmptious are much less than those due 
toexperiment, For extreme conditions, such as high pressure, fugacities are employed 
insteadl of partial pressures to account for nonideality in the rapor phase. Thus, 
whereas nonideality in the /iguid phase ts quite common, that in the vaper phase may 
be generally neglected, 

Integrated Forms of Basic Equation, Since the Gibbs-Duhem equation is in 
differential form, methods needed to perform the integration have been discussed 
(3,39,49). Graphical methods usually give aecurate results, when no analytical fine- 
tion can be found to satisfy the experimental data. Two popular methods are the 
more or Jess empirical analytical integrations of yan Laar and Margiues. The method 
of van Laar, based on some definite assumptions, gives: 


a/fA 7 4 3 \e 
log yy, = aua/(G ait n) and log yo = nat |( + ; vs) 
3 2 


The method of Margules, based ou other specified assumptions, gives: 
log yy = (2B ~ Ades + 2(4 — B)a} and log y = 24 — Byatt + 2(B - Ajai 


These are for binary systems; multicomponent systems yield greater complexities. 
The constants A and B are specific for each system and are determined from the ex- 
perimental data in a variety of ways, When a Jarge number of points on the curve 
are known, some method of curve fitting, either analytical or graphical, is usually 
employed to obtain the yale of the constants. When only asingle point on the vapor- 
liquid equilibrium enrve is known, such as an azeotrope, the constants in the last two 
equitions may be solved for simultaneously. 

Depending upon the system, the closeness of the representation may be better 
with the van Laar than the Margules equation, but the van Laar equation has the 


VAPOR-LIQUID EQUILIBRIA 631 


disadvantage that it does not permit a maximum or minimum point due to its particular 
mutbematiea! form, Since many svstems exhibit maximum or minimum points, the 
Margulies equation must then he used, When data are known to a high degree of 
accuracy, tt is possible to extend the van Laar ov Margules equations to a larger num- 
ber of constants. In this case the Margules equation is found more eonvenient. 

If experimental data fit either of these equations, this adds to the confidence with 
which they may be given credence, although there is no assurance against systematic 
errors, due to the empiricism and assumptions of this approximate integration. 

Relative Volatility. Relative volatilities are defined and related fo activity 
coefficients as follows: 

ap u 

aye = UE PH 

ty? Yo Py 
The subscripts of o1 indicate that it is the relative volatility of component 1 with 
respect to 2 and may be applied to a multicomponent system as well as to a binary. 
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Fig. 13. Carbon disulfide(1)-chloroform(2) mixtures. (@) Logarithmie plot of 
activity coefficients. ‘The lines cross at z,=0.5. (b) Logarithmic plot of relative vola- 
tility deviation, ay, of carbon disulfide with respect to chloroform. The straight line 
passes through the value of 1.0 at «=0.5, so that the area of the triangle above the 
horizontal axis equals that of the one below. 


For an idea] solution, the relative volatility is equal to the ratio of the partial pressures 
of the two liquids, and this is independent of the composition at a given temperature. 
At constant pressure, the ideal relative volatility varies somewhat with composition 
due to the changing boiling point. Obviously, if the system were ideal, the entire 
vapor compositions would be immediately calculable from the last equation [or every 
value of liquid composition if the individual vapor pressure curves for the two com- 
ponents are known. 
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Arelative volatility destafon is employed, defined as: 


D M19 Y! 
Qe =, = 7 
ety 2 Y 


: . “ys : : D . . 7 , 
where o{,2 is the ideal relative volatility. For an ideal solution af, equals unity for all 
compositions at any temperature or pressure. Thus, if vapor-liquid equilibrium data 
are recalculated in this form, an ideal system is indicated when all compositions shaw 
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Fig. 14. Carbon tetrachloride(1)~heptane(2) mixtures. (a) Logarithmic plot 
of activity coefficients, showing maximum and minimum at x,=0,88. .(b) Loga- 


rithmic plot of relative volatility deviation of carbon tetrachloride with respect. to 
heptane, showing maximum st sume composition. 


ef, = 1.0, Such is the case, for example, for the system of propylene bromide and 
ethylene bromide; a? is equal to unity everywhere except at the extreme ends of the 
composition range. For couvenience, logarithms of relative volatility and activity 
coefficients are used. Thus: , 


log ef, = log a12 ~ log af, = log v1 — log 2 


The simplest deviation from ideality yields a straight line of finite slope when 
log @, is plotted against 22. For positive deviations from Raoult’s law, the slope will 
be positive aud for negative deviations the slope will be negative. From the Gibbs- 
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Duhem equation it may be shown that this straight line must pass through unity 
(log 1 = 0) at. a = 50 mole per cent, so that the area above the X-axis is equal to the 
area below the X-axis. For this case it also follows that the activity coefficients can 
be expressed by a single constant .4 (here A = 2) in the vau Laar or Margules’ equa- 
tions which are then identical; and the activity coefficient curves are symmetrical, 
half parabolas. The above conditions for the system carbon disulfide—chloroform are 
shown in Figure 18 as plots of log y, and log yo vs. a2, and of log apy VS. 2p. 

Usually log e?, plots as a curve against xe; but, the Gibbs-Duhem relationships 
still requires that the area under the curve and aboye the X-axis be equal to the area 
helow the X-axis and above the curve. Practically, these curves may be treated as 
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Fig. 15. Logarithmic plot of relative volatility deviation of ethyl acetate with 
respect to ethyl alcohol, to show the variation of azeotropic composition with respect 
to azeotropic temperature. 


parabolas; and the resulting relationships for the activity coefficients obey the Mar- 
gules equations. Figure 14 for the system carbon tetrachloride-heptane shows this 
when a maximum appears in the plot of log ars vs. te; and 4 correspondipg maxi- 
mum or minimum also appears for each component at the same composition in the log 
'y VS. 2» plots. 

When the data are known with sufficient accuracy and the variation from ideality 
is considerable, the log a, vs. t plot may be more accurately defined by a power 
series of degree higher than two. Thus for water-cdioxane the data require a fi/th-order 
power series for the log af, curve. This gives a sixth-order equation for the activity 
coefficient curves, but since the first-order term is missing, the same number of in- 
dependent constants, namely, five, must be determined to define the curves. 

Azeotropic Systems. For homogeneous systems the azeotrope occurs where 
a:2 = 1, or log a2 = 0; thus, from the definition of relative volatility: 


log a, = —log aly = log (pi/py) 


Plotting the logarithm of the vapor pressure ratio of the components on the log a, 
. * . yy 
graph gives the azeotrope at the intersection of the curves. If log a?, does not vary 
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with temperature, which may be assumed for short ranges, the change of the azco- 
trope with respect to temperature and pressure may be predicted by plotting the ap- 
propriate values of log a, at each temperature, and determining the point of inter- 
section with the curve, log a?,. For example, the system ethyl! alcohol - ethyl! acetate 
is shown in Figure 15 with several values of log Os plotted for the indicated tempera- 
tures intersecting the curve log as. The points of intersection correspond to the re- 
spective azeottopic compositians. (A more simple correlation by Othmer and Ten 
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Fig. 16. Vapor-liquid equilibria for two nonideal binary systems: acctone(|)-~water(2) 
(open circles) and ethyl aleohol(1)—water(2) (black circles), The points indicate the 
accepted experimental data; the lines are from calculated values (39). 


Eyck (44) plots logarithmically the agzeotropic compositions or activity coefficients 
directly as straight lines versus total pressures or versus temperatures derived from 
the vapor pressure of a reference substance.) 

Change of Activity Coefficient with Temperature and Pressure. With tem- 
peratwre and pressure change the Gibbs equation beeomes: 


VaP SAT 
~ Sagap7 tT aanapp = © 
2.30827 2.803R1 
where J’ is the molar volume of the system, and S is the molar entropy of the system. 
This gives an equivalent change of y with pressures as follows: 


aad log yi + aed log yo... 





6 log ¥1/6P) 72 = 0,/2.308RT 


where @ is the partial molal change in volume of component 1 upon mixing. 


Also, 
there is a change with temperature as follows: 


(3 log 1/8) px = ~(Ia/2.208RT?) 


where fi is the partial molal heat of solution of component 1 wpon mixing. 
For an ideal solution the volume change and heat of solution are both zero, and 
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the activity coefficient is unity at all values of temperature and pressure. lor non- 
ideal solutions, the activity coetiicient changes only slightly with pressure until ligh 
pressures ave reached; for mixtures with high heats of solution, the change with tem- 
perature is significant and corrections must be applied. However, by considering 
relative volatility deviations, it is possible to minimize these changes. Scheilsel (4) 
has developed nomograms based on the theory of corresponding states for correcting 
activity coefficients at high pressures. 

Use of Boiling-Point Data with Gibbs Equation. Utilizing botling-pomt data 
at a single pressure for different liquid compositions (that is, 7, « data), Othmer, 
Ricciardi, and Thakar (39) developed from the work of Hirata (17) and others ¢ 
rigorous method of predicting and correlating equilibrium values through the inte- 
‘gration of the Gibbs-Duhem relationship by either graphical or algebraic methods. 
This method. is also useful for ternary systems and enubles the calculation of such 
equilibria without tedious lahoratory analyses. The vapor-liquid equilibria for any 
system may thus be represented readily by one or three straight lines on logarithmic 
paper, and then replotted in the standard (2, y) plot. This method gives excellent 
agreement with precise and accepted experimental data for aecetone-water and ethy! 
ulcohol-water (see Fig, 16), two systems varying widely from the ideal, 


Multicomponent Systems 


Multicomponent systems may be correlated by the above equations for binary 
systems. The complexity of the equations increases tremendously with the number 
of components; and the fitting of the data becomes laborious. Published data are 
scant for ternaries, practically nil for quaternaries, and nonexisteut for higher systems. 
Methods have therefore been expanded from those used for binaries with simplification 
of constants and use of data from constituent binaries (53,56,57). Another method is 
based upon summing the chemical potentials of the component binaries (11); and 
Figure 17 shows a prediction so made in the ternary system benzene-chloroform: ace- 
tone to be relatively close to experimental values. 

Petroleum Systems, Equilibrium Flash Vaporization. The most important 
multicomponent systems are those of petroleum crudes and fractions after distillation. 
The vapor-liquid equilibria, beeome very complex, because of the many components 
present and their wide range of volatilities. Somewhat involved methods utilizing 
“key’? components are used as 4 meaus of averaging out relations for definite ranges 
hased on properties of individually important members in the range. For much work 
there is used the relation of boiling temperatures at a fixed presstwre versus per cent 
vaporized, with composition in the still changing as more volatile components dis- 
charge. Ten Eyck and Othmer (55) utilized the general criterion of the boiling point 
of either the original sample, any fraction thereof, or any amount remaining after 
any desired amount had undergone the equilibrium flash vaporization (EFV) of a usual 
petroleum distillation. An experimental boiling point on an EF'V curve need be deter- 
mined at only oue pressure to use this semirigorous method at any other pressure or 
vacuum. Analytical data for the compositions are seldom known and are not re- 
quired. Design data for petroleum refining ave obtained from a simple monogram; 
and here again, actual compositions of the fractions are unnecessary in usc. , 

The nomogram of Figure 8, an improvement over that of ref. (55), may be used 
directly by drawing a line across this grid between the pots m = 0.569 and ( = 
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-+1.5 at the top, and the point m = 143 and C = —2.5 at the bottom. (The equation 
of this linc is C = —4.51m + 4.11.) This, the petroleum mixtures line, is the location 


of the pivot point for the vapor pressure of any petroleum crude or mixture ; and one 
point of vapor pressure (from EFV or other measurements) thus defines the system 
throughout the enlire pressure and temperature range. This line is very close deed 
to the hydrocarbons line (see p. 620) throughout the uscful range. 






0.80 


——— Predicted x lines 


~_——— Experimental at 1 alm. 





1,00 0 


a) 0,20 0,40 O60 0,80 1,00 
¥—> 


Fig. 17. Vapor-liquid equilibria for the ternary system acetone(1)-chloroform(2)—benzene(3) at 
1 atm. pressure. Values of the vapor compositions of the three components are indicated on the 
respective sides of the triangle. The amount of chloroform in the boiling liquid which corresponds 


is shown by the daghed-line curves for experimental values and by full-line curves for the esleulated 
values (11). , 


Experimental Determinations 


The above theoretical methods of correlation and prediction of vapor-liquid 
equilibria should be regarded only as auxiliary to experimental determinations. 
There are many technicnies, although some of the basic principles followed in these 
methods have not changed in 30 years, others not in 60 years. Ii is thus more ad- 
vantageous to 1eview these principles rather than to try to enumerate all of the specific 
individual apparatus employed. There are historical reviews by Young (59), Fowler 
(13), and Camey (4). 
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Static Method. The elementary determination of P, 7, 2, y, data is by the use 
of a static equilibrium, A mixture of the pure components in a closed vessel is placed 
ina thermostat and connected for presstive measurements. The vessel is thoroughly 
agitated until Lhe vapor and liquid phases reach a constant composition. Connections 
ave provided so that there may be removed for analysis samples of vapor and liquid 
sufficiently small that the equilibrium is not upset. Tf only a small vapor sample is 
needed and if the original liquid composition is known, a liquid sample may be un- 
necessary. 

Although this method is simple in principle, it has many practical diffieulties and 
is rarely used except in studies of systems at high pressures and temperatures in a 
bomb. Pressures are often measured with dead-weiglt balances employing hydraulic 
cylinders. Of the innumerable possible methods of analysis of the samples, only those 
may be used that are applicable to small samples. 

Dynamic Methods, Unsteady State. In order to hasten the attainment of 
equilibrium and to avoid difficulties of the static method, several dynamic methods 
have been devised. The oldest method uses continuous distillation at constant pressure 
with samples of condensate continuously withdrawn for analysis. Care is taken to 
avoid superhoating of the vapor, entrainment of liquid in the vapor, and rectification 
due to condensation. If the vapor is superheated, thé equilibrium boiling tempera- 
ture will read high; if there is entrainment the vapor composition will be poorer; 
and if there is condensation and rectification it will be richer, in more volatile com- 
ponent, than the true equilibrium vapor. The instantancous equilibrium conditions 
of vapor and liquid composition are determined by differentiation and material 
balances of the data for condensate composition, A single batch distillation thus 
gives data from the starting liquid composition to the residual liquid composition. 

An early apparatus of this type designed by Brown (2) in 1879 had a jacket around 
the still neck through which the vapors passed. No heat could thus be lost from the 
still head, This prevented rectification by contact of condensate formed with rising 
vapors and change of composition therein. He discarded the first vapor samples to 
eliminate the effect of air being purged. The method of continuous déstillation at 
constant temperature may also be employed, In this case the pressure on the system 
is continuously adjusted while the liquid, maintained at a constant temperature, 
boils at a uniform rate. 

When working at high pressures, any gases present may offset the equilibrium. 
In order to maintain constant pressure of the boiling system, the heat added to the 
boiler must be balanced against the heat removed by the condenser, This latter pro- 
cedure is not: normally employed in a continuous distillation due to experimental diffi- 
culties; but it is applied to some of the steady state dynamic methods described below. 

Using a flow of inert gas, the method of continuous evaporation or transpiration 
was suggested by Linebarger (22) in 1895. Instead of boiling the equilibrium mix-~ 
ture, a stream of inert gas, passed through the mixture with intimate contact, saturates 
itself with the equilibrium vapor. After de-entrainment, subsequent condensation 
of the vapor from the stream yields sufficient sample for analysis. The method has 
the advantage of obtaining equilibrium data at constant pressure and temperature, 
but cannot be used at higher pressures where the effect of the so-called “inert’’ gas on 
the equilibrium becomes significant. 

Dynamic Methods, Steady State. The superiority of the dynamic methods over 
the static ones becomes pronounced with the development of the steady-state methods, 
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In this case a dynamic equilibrium or steady state is established in which all variables 
such as temperature, pressure, and composition remain constant with time. 

Rosanoff und co-workers (50) developed a method and apparatus depending on 
the fact that a constant-eomposition vapor bubbling through a liquid does net change 
in composition when the liquid is in equilibrium therewith. They continuously added 
the more volatile liquid to a still in amounts to keep its boiling point constant. Vapors 
bubbled through an “equilibrium chamber,” and consecutive samples were assumed not: 
to change. 

‘The advantages of the above rather complicated procedure were maintained while 
the disadvantages were removed by automatically maintaining the still composition 
constant, by simply returning the condensate thereto. Thus, only a simple still, 
condenser, and trap is involved. The condensate is held up in a trap to allow for a 
sample for analysis. When the temperature of boiling is constant, tle composition 
of the condensate reaches a constant value, which is the composition of the equilibrium 
vapor leaving the still. These conditions assure the attainment of steady-state von- 
ditions, after which samples of boiling licntid and vapor (after condensing and hold-up 
in the trap) are taken. Condensate in the trap is then recirculated baek to the still 
to compensate for its previous removal and accompanying change in composition in the 
still. The use of a hold-up trap comes from Sameshima (51) and Yamaguelu (58). 
The original nnits were rather cumbersome and were designed to work at constant 
temperature. 

A more simple recirculating still to determine data adequate for engineering de- 
sign of distillation processes which operate ab constant pressures was developed by 
Othmer (19,26,27,31,32), and has been widely used. The various models have under- 
gone Many refinements and improvements by many other investigators to simplify 
the use and to incorporate as nearly automatically as possible the principles involved, 
and thus secure a precision to the degree necessary for engincering use. It utilizes a 
boiling chamber with ample disengaging volume and surface so that the small droplets 
of vapor formed in the natural boiling operation may come to complete equilibrium 
aitomatically and without the necessity of other devices designed to improve such 
condition, The low velocities also minimize entrainment of liquid that may come 
from vapors disengaging from liquids at high velocities and which cause the vapor 
composition to be too low in more volatile constituents, Such equilibrium conditions 
will be unaffected by changes in rate of operation over the wide range that may be 
used, Furthermore, the discharge tube from the still is surrounded by vapors to 
minimize heat losses from this tube that might otherwise cause rectification to take 
place, and resulting vapor composition that is too high in more volatile constituents. 
For precise work, mention has been made (19,26,27) of the desirability of further heat 
insulation or supply to the still and its neck to prevent any small heat losses which 
might still prevail, When temperatures of vapors are to be securod, it is, of course, 
necessary to prevent influx of heat into the vapors and the thermometer to give a 
temperature reading that is too high. One of the later forms (26) of this still is drawn 
to seale in Figure 18. It employs the improvements of interchangeable glassware 
and is entirely automatic with simple supply of heat and cooling. 

The desirability of the recirculation technique is shown in other methods and 
equipment of recent years. Thus, Nelson (25) employed a Cottrell pump in the boiler 
and an additional equilibrium chamber besides the boiler. Chilton (6) simplified the 
Nelson still hy omitting the Cottrell boiler; however, Scatchard, Raymond, and Cil- 
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mann (52) used a short Cottrell boiler in a second chamber, designed to improve the 
approach to equilibrium. Cillespie (14) alse used a Cottrell boiler as shown in Figure 
19 in the unit external from the residue chamber (as was Nelson’s); and the ohjec- 
tions noted below are thus particularly emphasized. 

However, the Cottrell boiler, which was originally developed for and used with 
pure substanees (9) rather than mixtures, introduces more complication than improve- 
ment, since the rate of boiling has an undue effect upon the dynamic approach to 
equilibrtum reached (12,26). Obviously a Cottrell pump should be usec only if the 


Pig. 18. Vapor-liquid equilibrium still (26). 
A, 800-ml. Kjeldahl flask or 4.5-in, (approx.) 
diameter balloon; 8, central vapor outlet. 
tube; C, vapor neck and sloped gutter far 
draining to receiver; D, openings for connec- 
tions for electrical internal heater; 2, liquid 
sample cock; G, condenser shell approx. 
8.5 x 1.25 in.; bulls 1 iu. diam., constrictions 
varying from maximum opening at bottom to 
0.25 in. at top; HA, outlet to atmosphere or 
vacuum; J, drop counter us close to vapor 
inlet, as possible with 375-in. outlet, « Ly,-in. 
hole vents receiver; K, bottom of reeciver 
funnel not more than 14 in, from stopcock 
(this funnel may he loose; or it may he in- 
scaled just below drop counter; if insealed, 
wu lyg-in. vent hole is provided near top); 
L, interchangeable receivers for samples of 
diferent vohimes, length to cock is 4 in.: 
N, heavy-walled tubing connecting overflow 
to still; this connection may be made on the 
back side as shown in dotted circle. This 
permits a cooling jacket to be used if a 
preater distance from the reservoir is allowed 
than shown. Return trap may be shorter 
if not water-jacketed, and connected at left 
just below drop counter and above top of 
reservoir joint. 

This figure is hp seale. 





vapors boiling from the liquid in the normal way are not in equilibrium with the liquid 
there (although no one has attempted to disprove the plausible assumption that equi- 
librium is reached with normal boiling). If vapor and liquid are not in equilibrium this 
results in their interchange between the liquid and vapor after leaving the boiler; and 
the equilibrium liquid leaving the vapor at the disengagement chamber of the Cottrell 
pump is not of the same composition as that in the pot, because its composition has 
been changed in the Cottrell pump. The vapor also is of different composition than 
wold be in equilibrium with the boiling liquid from which the sample is taken. 
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Furthermore, heat losses in the system above the boiler Qvhich is often uninsulated) 
will result in a slight condensation of vapors with a resulting change of composition in 
both phases. The extent of both effects is directly depondent upon the reciroulation 
rate which will vary widely with change in heat supply. 

A modification of the recirculating type of still with hold-up trap using a flash 
boiler was developed by Jones, Sehoenborn, and Colburn (18), (see Fig, 20), to vapor- 
ize the condensate and pass vapors through the boiling liquid in an effort to improve the 










COTTRELL PUMP 


4 els) 
CENTIMETERS 


Fig. 19. Vapor-liquid equilibrium still using a Cottrell pump (14). 


approach to equilibrrum, Carney (4) and others have called attention to the careful 
control necessary of the temperature of the electrical resistance windings supplying 
heat losses from the boiler. If the heat supply is less than heat losses, condensation 
will occur and recirculation will stop; if greater there will be excessive vaporization 
and the flash boiler will be overloaded. 

Another narrow range of operating conditions is in the heat supply to the flash 
boiler that must supply exactly the correct heat for complete vaporization, Other- 
wise there is necessarily a change in composition of vapor feed to boiler. If more 
heat is supplied and superheat results, or less and there is a vapor of different composi- 
tion, the flask is called upon to act as a bubble tray of 100% efficiency, since the re- 
quirement is to establish equilibrium between vapor and liquid. Because of the high 
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vapor velocity, it is questionable whether this can be attained; and in general distil- 
lation practice a still pot is usually regarded as much more nearly an “equilibrium 
unit” than isa bubble tray.  Wntrainment is another possible error because of the high 
velocity. 

The Cottrell boiler, the flash boiler, and the auxiliary contactor, while seemingly 
presenting desirable additions, add greatly to the complications of the unit and its 
operation, They have theoretical as well as practical disadvantages and require very 
careful coutrol of rates of boiting and balance of multiple heat supplies, Variations in 
rate will possibly cause variations in the approach to equilibrium. In the case of the 
Cottrell boiler, the equilibrium temperature is especially sensitive to this rate, whereas, 
in the flash boiler, the composition of either the liquid phase or of the vapor phase may 
be unduly affected. 
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Fig. 20. Vapor-liquid equilibrium still using a flash boiler 
between receiver and main boiler (18), 


‘Special Methods. Most of the specialized methods are based upon the recireu- 
lating still. However, one particular method might deserve more recognition. 
Carveth (5) as far back as 1899 described a method depending upon the measurement 
of temperatures only. A known mixtttre of the system is brought to a boil and its 
boiling point measured at a steady state, Then the dew point of the equilibrium vapor 
is determined, permitting the vapors to condense into a small hold-up tray; and the 
condensing temperature is measured. From these data, the vapor-liquid equilibrium 
curve of a binary may be determined. The original apparatus of Carveth was rather 
sensitive to boiling rate; there might be a possibility of developing the method to a 
greater precision, although results so far have not checked other methods. 
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Othmer, Ten Eyek, and Tolin (45) have applied the recirculating still to the deter- 
mination of flash equilibrium data so necessary in petroleum refinery design by means 
of the apparatus shown in Figure 31. This gives data previously requiring © virtual 
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Fig. 21. Equilibrium flash vaporization still (45,55). 


pilot plant for operations at every different percentage vaporized (as in a pipe still) of 
petroleum erudes or fractions under vacuum or atmospheric operation. The recireu- 
lating equilibrium still principle is utilized with a variable capacity in the receiver, 
so that from 10 to 90% of the original charge may be held up as condensate. Thus, 
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after a steady state is reached, the remaining liquid vaporizing in the pot is effectually 
in equilibrium with vapors corresponding to any given percent vaporized as in the 
usnal petroleum flash distillation in a tube still, Data so obtained for any one pres- 
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Fig. 22. High-pressure equilibrium still (43). 4, chambers for cartridge heaters; 3B, liquid sample 
outlet with needle valve; C, peep sights, 90° apart and 1 in. difference in levels; D, cone-shaped top 
plate for allowing condensate to drain into vapor neck; 2, vapor outlet pipe; 2’, vent valve for non- 
condensable gases; (, inlet tube for return of condensate, blanked at end, with four 14-in. holes to 
distribute liquid; H, valve to pressure-measuring system; H’, vent valve for noncondensubles; 
J, condengate drop counter; K, peep sights; £ and Af, valves to isolate interchangeable condensate 
reccivers; N, condengate sampling needle valve; P, valve for venting noncondensahles and evacuat- 
ing loading chamber; Q, valve for charging still body from loading chamber; R, valve through which 
loading is accomplished and liquid sample withdrawn. Thermocouples: T-I for boiling liquid, 
T-2 for equilibrium vapors, T-8, T-4, T-5, thermocouples soldered onto outside of still hody; T-6 on | 
condenser. 
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sure may be converted for use at any other pressure or vacuum (55) in place of data 
requiring determination of vapors and liquid compositions, as indicated above (see 
p. 435). 

The recivetdating still has also been used for high-vacuum conditions by Perry 
and Fugitt (47) and olhers, aud for high-pressure conditions up to 125 p.s.1. in a still 
made of standard Pyrex glass tubing with metal flanges (24) and for pressures up to 
500 p.s.i. i welded stainless steel equipment (34,43) shown in Figure 22. In these 
cases the cesired pressure was built up in a closed system by balancing the heat input 
to the boiler against the heat loss from the condenser. 

Stills for Heterogeneous Azeotropes. One of the difficulties of the hold-up type 
of recirculating stills arises with the use of systems whose condensates separate into 
two liquid phases (8). In this caso, the two phases must be returned to the boiler in 
the propor proportions in order to maintain a steady equilibrium state. One method 
of obviating this difficulty is to agitate the condensate with a stirrer in the hold-up 
trap so as to maintain uniform composition (23). 


Bibliography 


(1) Akorlaf, G., and Teare, J. W., 7. Am. Chem. Soc., 62, 620 (1940). 
(2) Brown, FP. D., Trans. Chem. Soc., 35, 547 (1879); 39, 304 (1881). 
(3) Carlson, H. C., and Colburn, A. P., Ind. ng. Chem., 34, 581 (1942), 
(4) Carney, T. P., Laboratory Fractional Distillation, Macmillan, N-Y., 1949. 
(5) Carveth, J., Phys. Chem., 3, 198 (1899). 
(6) Chilton, T. H., Proc. Fourth Symposium, Chem. Eng, Educ., 64 (1935). 
(7) Chu, J. C., Distillation Equilibrium Data, Reinhold, NVY., 1950. 
(8) Colburn, A. P., Schoenharn, HE. M., and Shilling, D., Ind. fing. Chem., 35, 1250 (1948). 
(9) Cottrell, F. G., J. Am. Chem. Soc, 41, 721 (1919). 
(10) Cox, EB. R., Ind. Eng, Chem., 15, 592 (1928). 
(11) Edwards, B. 8., Hashmall, F., Gilmont, R., and Othmer, D. F., Ind. Hing. Chem., 46, 194 (1054). 
(12) Ellis, A. M. R., Zrans. Inst. Chem. Hngrs., 31, 96 (1953). 
(13) Fowler, R. T., Ind. Chemist, 718 (Nov, 1948). 
(14) Gillespie, D. T. C., 7nd. fing. Chem, Anal. Hd., 18, 575 (1946). 
(L5) Gilmont, R., Roszkowski, T., and Othmer, D. F., Petroleum Refiner, 32, No. 5, 167 (1953). 
(16) Gilmont, R., Weinman, EB. A., Kramer, F., Miller, E., Hashmall, F., and Othmer, D, F., Dui, 
Eng. Chem, 42, 120 (1950). 
(17) Hirata, M., Chem. Eng. (Japan), 13, 188 (1949). 
(18) Jones, C. A., Schoenborn, E, M., and Colburn, A. P., Ind. Hing. Chem., 35, 666 (1948). 
(19) Karr, A. E., Scheibel, E. G., Bowes, W. M., and Othmer, D. F., Jud. Hing. Chem., 48, 961 (1951). 
(20) Langmuir, I., Phys. Rev., 2, 3381 (1913); 8, 149 (1916); J. Am. Chem. Soc., 38, 2221 (1916); 
Trans. Faraday Soc., 17, 607, 621 (1921). 
(21) Li, Y.-H., J. Chinese Chem. Soc., 2, 108 (1984). 
(22) Linebarger, C. E., J. Am, Chem. Soe., 17, 615 (1895). 
(23) Moeller, W. P., Ph.D. Thesis, Polytechnic Institute, Brooklyn, N.Y., 1947. 
(24) Moeller, W. P., Englund, 5. W., Tsui, T. I., and Othmer, D. F., Ind. Hing. Chem., 48, 707, 711 
(1951). 
(25) Nelson, O. A., J. Am. Chem. Soc., 54, 1390 (1932). 
(26) Othmer, D. F., Anal. Chem., 20, 763 (1948). 
(27) Othmer, D. F., Ind. Eng. Chem., 20, 748 (1928), 
(28) Othmer, D. I. Ind. Hng. Chem., 21, 576 (1929), 
(29) Othmer, D. I, Ind. Eng. Chem., 82, 841 (1940). 
(30) Othmer, D. F., Ind. Eng. Chem., 34, 1072 (1942), 
(31) Othmer, D. P., Ind. Eng. Chem., 35, 614 (1948). 
(32) Othmer, D. F., Ind. Eng. Chem., Anal, Ed., 4, 282 (1932). 
(33) Othmer, D. F., and Benenati, R. ¥., Ind. Eng. Chem,, 37, 299 (1945). 
(34) Othmer, D. F., Chudgar, M. M., and Levy, 8. L., Ind. Hng. Chem., 44, 1872 (1982)... 


= 


VARNISHES 645 


(35) Othmer, D. F., and Gilmont, R., Znd. Bng. Chem., 36, 8583 (1944). 

(36) Othmer, D. F., and Gilmont, R., Petrolewm Refiner, 80, No. 11, 111 (1951); 31, No. 1, 107 (1952). 
(37) Othmer, D. F., and Josefowitz, S., Ind. Bng. Chem., 40, 728 (1948). 

(88) Othmer, D. F., and Maurer, P. W., Znd. Eng. Chem. (to be published, 1955). 

(89) Othmer, D. F’., Ricciardi, L. G., and Thakar, M.&., Ind. Eng. Chem., 45, 1815 (1953). 

(40) Othmer, D. F., and Sawyer, F. G., Ind. Hing, Chem., 85, 1269 (1948). 

(41) Othmer, D. F., and Silvis, 8. J., Sugar, 48, No. 7, 28 (1948). 

(42) Othmer, D. F., and Silvis, 8. J., Ind. Eng. Chem., 44, 1872 (1952). 

(43) Other, D. FT’, Silvis, 5. J., and Spiel, A., Ind, Hug. Chem., 44, 1864 (1952). 

(44) Othmer, D. F., and Ten Myck, 1. H., Jy., Ind. Eng. Chem., 41, 2897 (1949). 

(45) Othmer, D. F., Ten Eyck, E.H., Jr., and Tolin, §., 2nd. Eng. Chem., 48, 1607 (1951). 

(46) Othmer, D. F., and White, R. E., Ind. Hing. Chem., 34, 952 (1942). 

(47) Perry, E. §., and Pugitt, R. E., Ind. Hug. Chem., 39, 782 (1947). 

(48) Perry, J. H., and Smith, E. R., Ind. Lng. Chem., 25, 195 (1983). 

(49) Redlich, 0., and Kister, A. T., Ind. Eng. Chem., 40, 341, 345 (1948). 

(50) Rosanoff, M. A., e¢ al., J. Am. Chem. Soc., $1, 448 (1909); 36, 1808 (1914); 37, 301 (1915), 
(51) Sameshima, J., J. Am. Chem. Soc., 40, 1482, 1508 (1918). 

(52) Scatchard, G., Raymond, C. b., and Gilmann, HW. H., J. Am. Chem. Soe., 60, 1275 (1938). 
(63) Seatchard, G., Trans. Faraday Society, 38, 160 (1987). 

(54) Scheibel, H. G., Ind. Lng. Chem., 41, 1076 (1949). 

(55) Ten Eyck, &. H., Jr., and Othmor, D. I, Petroleum Refiner, 32, No. 9, 229; No. 10, £51 (1953). 
(56) White, R. R., Trans. Am. Inst. Chem. Engrs., 41, 589 (1949). 

(57) Wohl, 1&., frans. Am. Inst. Chem. Bagr., 42, 215 (1946), 

(58) Yamaguchi, Y., J. Tokyo Chem. Sac., 84, 691 (1913). 

(59) Young, 8., Distillation Processes and Principles, Macmillan, London, 1922. 


Downatp F. OramMEeR anp Roger GitmMonr 


JAPOR PRESSURE. See Vapor—liquid equilibria. 
/ARIABILITY; VARIANCE; VARIATION. See Quality control, Vol. 11, pp. 355, 369. 


7ARNISHES 


For the purposes of this article, a varnish is considered to be a transparent, homo- 
geneous, heat-treated blend of drying oil, resin, drier, and solvent, which, when 
applied as a thin film, will, upon evaporation of the solvent, oxidize and/or polymer- 
ize to form a hard continuous transparent coating. Varnishes are used primarily 
to protect substrates under the following cireumstances: (1) where the coated sur- 
face must remain visible, for example, coatings for wooden furniture, overprint var- 
nishes for paper labels; (2) where the coated surface need not be obscured, and where 
a, varnish will provide better protection or do so at lower cost than will a pigmented 
coating (enamel), for example, food-can coatings, insulating varushes, bottle-cap 
liners. 

Varnishes often are used to make aluminum coatings by the simple addition of 
aluminum lining or paste. 

The term varnish is also used for the pigment-binding component of pigmented 
products such as interior wall paints and enamels. When varnishes ave used in pig- 
mented systems, the driers are usually omitted from the varnish along with a large 
portion of the solvent, and both are added to the completed hatch. The varnish so 
used. is called a paint vehicle and actually does not meet the requirements of a var- 
nish as defined above, See Coatings Gindustrial) ; Paint. . 

The above definition of the term “varnish” agrees closely with the historical can- 
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cept of varnish composition and function, Varnish meant one type of product, the 
so-called oleoresinous (oil plus resin) varnish, Also, functionally, the product had 
to dry per se to form a clear film. However, through the years, the term has been 
broadened and perhaps misused to describe other products using similar raw mate- 
rials or performing similar functions. Some of these products contain a resin only, 
others contain black, opaque resins; some will not dry alone, but are used to make 
pigmented coatings, to which the driers are later added. These products will be 
mentioned briefly for purposes of clearer differentiation from the true or “oleo- 
resinous” varnishes, which are the subject of this article. 


Products called varnishes but not meeting the requirements of the definition are: (1) spirit 
varnish, (2) alkyd resin varnish, (9) asphalt varnish, and (4) litho varnish. 

(1) A spirit varnish is a solution of a resin, with very little or no oil, in a volatile solvent. The 
solution usually is made at room temperature, that is, the resin is cold-cu in the solvent. Spirit var- 
nishes dry by evaporation only, and therefore can be made to dry very quickly by the use of a fast- 
evaporating solyent. However, since most resins are fairly brittle, the resultant coating exhibits 
poor flexibility. Therefore, spirit varnishes are used when speed of drying is important and flexibility: 
is not. ; 

Shellac (q.v,) is by far the most common spirit. varnish in use at the present time. Tt is a solu- 
tion of lac resin in denatured alcohol. The most important application of shellac as 4 eoaling is its 
use as a clear finish for wood furniture or floors, In this application it serves very well because of its 
unique combination of properties, which cannot be matched hy other coatings without rather eompli- 
vated formulation. These are its properties: mild odor, ease of application by brush, good color and 
color retention, good sealing qualities without darkening the wood, excellent clarity enhancing the 
bematy of the wood, satin finish (dewaxed shellac will produce a high-gloss finish), surface slip (be- 
cause of itg wax content), ease of rubbing or sanding, ease of maintenance since it is readily repaired, 
ease of removal by sanding, and gocd interior wearing qualibies. However, when resistance ta water 
or cleaning compounds or exterior durability are required, other varnishes are preferred, 

(2) An alkyd resin varnish is a solution of an alkyd resin (q.2.) in a volatile solvent with driers 
«ulded, and is similar to a varnigh in that an oil-modified resin ia dissalved in a volatile sulvent. Flow- 
ever, there is a very marked difference in raw materials used and in the method of manufacture. Tha 
varnish, au oil and resin are essentially blended during the heat process. The chemical reaction he- 
tween the two is of relatively minor importance for most resins. /iven when resins are fornied during 
the heat proeors (metallic resinutes or rosin derivatives, see p. 647), the starting material usually is 
rosin, which ja resinous in nature. However, when an alkyd resin is made, the raw materials for the 
resin are chemicals that combine to form an entirely new product (such as glyceryl] phthalate), which 
is resinous in nature, but which is not made as a resin per se but always produced in chemical com- 
bination with the oil, Also, the drying oil is not: used in that form, but as the fatty acid or mono- 
glyceride to enable the oil to react with the resin portion during its formation. 

Alkyd resin varnishes have properties that are similar to oleoresinous varnishes, and can be 
used to perform the same functions. Sce Alkyd resins; Coatings (industrial). 

(3) An asphalt varnish is a solution of asphalt (natural or petroleum) in a volatile solvent. 
Since these resing are not too soluble, the solution is made at fairly high temperatures (800-500°F.). 
Asphalt varnishes are black in color, and therefore are used as black enamels in applications where 
their low cost or excellent chemical] resistance are desired. See Asphalt (uses). 

(4) A Htho varnish usually is a linseed oi], which has been oxidized and polymerized Lo a fairly 
high viscosity (5-200 poises). It is blended with drievs and/or resins und used as a vehicle for pig- 
mented lithographic printing inks. See Printing ink. 

History. The origin of the term varnish is obseure. However, the word appears to have been 
derived from the ancient name for amber. Amber, a natural resin and former varnish ingredient, 
was called “berenice” after the name of an ancient, Greek Queen Berenice, wife of Ptolemy lugertes, 
king of ligypt, about 250 B.C. Returning from an Hgyptian conquest, the warriors brought back a 
gift of amber, which, since its color matched the quecn’s hair, they named Berenice in her honar, 
Hence the Latin word vernix and its later Italian form vernice, whence the English word “varnish,” 

- The name finally referred to the fluid compound of regin and off rather than to the resin itself, The 
German name for amber is Bernstein or Berenice’s stone. 
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Raw Materials 


Four groups of raw materials are used in the manufacture of virnishes: resis. 
oils, volatile solvents, and driers, 


RESINS 


Resins, as used in varnishes, are hard, brittle, noncrystalline solids, most of 
whieh will melt and will dissolve in organic solvents, When melted or dissolvecl, 
and. then applied in a thin layer, the resin will form a continuous film. Some of the 
harder natural vesins, such as Congo, will neither melt, nor dissolve in oils or solvents. 
Flowever, after a “running” process, these resins will do so readily. 

The principal functions of the resin, when used in a varnish, are to contribute 
drying speed, hardness, toughness, and gloss. 

Natural Resins (see Resins, natural). [mported natural resins, such ay Congo, 
Batu, Hast Tidia, and dammar, no longer occupy the important position they once 
held in the protective coatings industry. They have been largely replaced by syn- 
thetic resins except for a few specialty applications. 

Rosin is by far the most commonly used natural resin. It is not used aloue, 
but is treated to form a large group of rosin derivatives and other modified synthetic 
resins. This reaction may take place during the varnish cook or the rosin may be 
pretreated and sold to varnish manufacturers as a synthetic resin. See Rosin and 
rosin derivatives. 

Metallic Resinates. Rosin is treated with hydrated lime or with zine oxide. 
The resultant calcium and zine resinates (see Vol. 11, pp. 800-2) are generally uscd 
where very low-cost resins are desired. 

Ester Gum. The ester formed by neutralizing rosin with a polyhydric alcohol, 
such as glycerol or pentaerythritol is called ester gum (see Vol. 11, p, 802). It has 
fairly good color retention at low cost. 

Pure Phenolic Resins. Under certain conditions of manufacture the conden- 
sition polymer can be made oil-soluble. Pure phenolic resins are unique among 
rarnish resins in that they will combine chemically with the drying oil during the cook 
and will continue to polymerize to form a very resistant, flexible, oil-modified resin, 
The resin is oulstanding in its contribution to flexibility of the varnish, so that smaller 
percentages of oi! are required to produce the desired flexibility, as compared with 
vatnishes made with other resins. . 

Pure phenolic resins are used in the manufacture of high-quality varnishes, where 
outstanding chemical and water resistance or outstanding durability are desired. See 
Phenolic resins. 

Modified Phenolic Resins. Pure phenolic condensation products can also be 
‘aused to react in the presence of rosin. The resultant product is then neutralized 
with a polyhydric aleohol to form a “modified phenolic.” When used in varnishes, 
these resins produce good drying speed and very good resistance 10 water and mild 
chemicals. However, they do not have good color retention. Modified phenolic 
resins are among tlie most widely used varnish resins, where color retention is not of 
primary importance, because of their moderate cost, and all around good properties. 

Maleic resins produce fast dry and excellent color retention. Therefore, they 
are used it varnishes for pale furniture woods, where color retention is important. 
See Vol. 1, p. 525. 
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Terpene Resins (q.v.). Pure terpene resins are very pale in color and almost, 
neutral in acidity. They compete with ester gum for the production of low-cost 
varnishes with fair color retention. 

Mixed terpene-phenolie resins have characteristics between pure phenolic 
and pure terpene resins. They produce varnishes with durability equal to the pure 
phenolics, but with better color retention as a result of the terpene content. 

Coumarone Indene Resins (q.v.). These have very low acidity and very good 
alkali resistance, but are poor in color retention. ‘They are used principally in alumi- 
num paints, because of their nonactivity and good package stability. They are also 
used in low-cost alkali resistant varnishes such as concrete curing compounds to in- 
hibit water evaporation from freshly placed concrete. 

Petroleum Resins. These are polymers of unsaturated hydrocarbons obtained 
in the cracking of petroleum oils. They are low in cost and compete with ester gum 
and pure terpene resins in the production of low-cost varnishes with fair color reten- 
tion. ’ 

Epoxy Resins. Considering the original definition of a varnish as described in 
this article, the epoxy resins and esters are not true varnish resins. They actually 
are in a class by themselves being closest to the alkyd resins in general characteristics. 
Tlowever, they serve to show the modern changes in varnish technology, and how 
the industry has been forced to broaden its original concept of a varnish because of the 
new raw materials from which varnish-type coatings are being made. 

Epoxy resins are condensation products of epichlorohydrin and “bisphenol,” 
(CH;)sC(CeEUOH)s (see Vol. 10, pp. 307, 317, 359). Therefore they act as phenolic 
resins, but have a hydroxyl group that will react with a fatty acid to form an ester 
similar to an allcyd. Since they are resinous in nature, epoxys may be dissolved in 
solvents and used as resin solutions exhibiting excellent flexibility even without added 
plasticizer, Moreover, because of the reactive group, coatings made with them can 
be cured at room temperature by the use of an amine, resulting in coatings that will 
equal baked coatings in performance. Also, the resin solutions may be combined 
with urea or melamine to form excellent baked coatings. 

Whether used as solutions or as esters, epoxy resins will produce coatings with 
excellent adhesion and flexibility and with good color and color retention. In the 
solution form, the epoxy resins exhibit excellent chemical and abrasion resistance. 
However, they must be dissolved in expensive lacquer solvents and because of the 
high cost of the finished product are used for specialty coatings only. 

On the other hand, the epoxy esters are soluble in petroleum solvents and arc 
much lower in cost approaching the cost of high-grade alkyds and phenolic varnishes, 
Tn fact they act somewhat like a mixture of the two exhibiting the chemical resistance 
of the phenoli¢ varnish and the adhesion, flexibility, and color retention of the alleyd. 


OILS 


Oils give the varnish its flexibility, adhesion, anc durability. They vary con- 
siderably in spced of polymerization and oxidation as shown below. Oils may be 
used in the natural form (after refining to remove mucilaginous matorials), but may 
also be physically or chemically treated to improve viscosity, drying speed and re- 
sistance to water and chemicals. 

Natural Oils (see Drying oils). Of the natural oils the most reactive are tung 
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(Chinaweod), oiticica, linseed, safflower, and fish (menhaden or sardine). Soybean 
oil is one of the least reactive, 

Tall Oil (yv.). Another oil of increasing importance is tall ofl, which actually is 
a blend of oil and rosin acids recovered from the black liquor in the manufacture of 
pulp by the sulfate process. ‘Tall oil may be upgraded by redistillation whereby the 
oil (fatty) and rosin acids are separated, Tall oil can be esterified during the varnish 
cook to produce an oil-ester gum blend, or the redistilled fatty acids can be esterified 
in a similar manner to produce an oil similar to soybean. 

Polymerized (Heat-Bodied) Oils. The main purpose of the heat processing of 
varnishes is to polymerize the ot] in the presence of the resin. ‘The resin itself eon- 
tributes little to the process and may actually slow up the reaction. 

Tn fast-bodying oils such as tung oil, polymerization is so rapid (5~10 min.) at the 
high temperatures normally reached (560-80°F.) that resins are added, since they 
tend to slow up this reaction. However, with the slow oils such as linseed aid fish, 
the Lime required to polymerize the oil to the desired viscosity in the presence of the 
resin is too long for practical production (6-8 hr.), and, the resin in contact with the 
oil for such a long period would cause considerable darkening of the finished varnish. 
The slower oils are therefore heated alone at the optimum temperatures for poly- 
merization (550-600°F.). Under these conditions a fairly high intermediate vis- 
cosity (5-200 poises) can be obtained, with little adverse effect on color. These 
polymerized oils can then be processed with the resins, completing the polymerization 
in a much shorter time aud with munch better color for the final product, 

Treated Oils. Varnish oils may be upgraded to improve their drying speed, and 
to reduce or eliminate the time required for polymerization. In effect, the treatment 
improves the reactivity of the oil. The various methods of treatment used are: 
solvent segregation, oil splitting and reesterification with alcohols other than glyc- 
erol, isomerization, dehydration, maleinization, copolymerization, catalysis. See 
Drying oils. Tmportant varuisly products made by these processes include fish oil 
treated hy solvent segregation or by oil splitting and reesterification, isomerized 
linseed or soybean oils, dehydrated castor oll, maleinized linseed or soybean oils, 
fish oi] copolymerized with cyclopentadiene, linseed or soybean oils copolymerized 
with styrene, and linseed oil treated by catalysis. 


VOLA ILE SOLVENTS 


Solvents (¢.v.) are used principally to reduce the viscosity of the polymerized 
oil plus resin hase so that it may be applied in a thin film. After application of the 
varnish, the solvent evaporates leaving the film completely. The more common 
solvents are listed in Table I in order of their specd of evaporation, The faster 
solvents are used where fast dry is desired and the varnish can be sprayed, for ex- 
ample in furniture finishing. The slower solvents are used when time must be al- 
lowed for proper application, for example in brushing varnishes. The solvents are 
listed also in low and high solvent power classifications. The high-powered solvents 
will dissolve certain synthetic resins, which are insoluble in the more commonly 
used low-powered solvents. Also, when so desired, they will dissolve the oii-resin 
base more efficiently, producing a finished varnish of lower viscosity ab equal concen- 
tration, 


TABLE I. Varnish Solvents. 


High solvent power 
Kauri 
Aramatie fram petroleuns or eoul Gur butanol value" 














Kauri 
butanol value? 


Aliphatie fram petroleum 


V.M. & P. naphtha’ 





Toluene substitute” 45-10 Toluene 100 
Xylene substitute” 35-40 Xylene D5 
Mineral spirits 
Standard 35 40 Tieh-flash naphtha Ra 
Odorless 25 
High-strength’? 60-80 
Refined kerasene 30-35 








+See Vol. 10, p. 167. 

* Solvents arranged in order of their speed of evaporation: todnene substitute is fastest, refined 
kerosene slowest. 

4These have the same evaporation, but much lower solvent strength than the corresponding 
aromatic solvents, 

¢ A blend of aromatic und aliphatic mineral spirits produced [rom high aromatic erudes or by 
tatalydic hydragenation. 


DRIERS 


Except when the oil content is very low, varnishes require catalysts or so-called 
driers to aceclerate the oxidation and polymerization process of the applied film. 
Driers are soaps of the heavy metals, usually lead, cobalt, or manganese. The drier 
may be made during the cooking process by adding the metallic salt or oxide to the 
batch at temperatures ranging from 450-550°F. The salt or oxide reacts with the 
free acid in the oil and/or resin to form the drier. The more common procedure is 
to add a previously prepared dricr solution to the finished batch. The driers most 
used in order of decreasing importance are: naphthenates, tallates, ethylhexoates 
(ovtoates), Linoleates, and resinates, See Driers and metallie soaps. 


Oil Length 


The oils and resins used in a varnish are blended in varying proportions depend- 
ing on the hardness (from the resin) or flexibility (from the oil) desired. The ratio 
of oi] to resin is expressed as gallons of oil per 100 Ib, of resin, and is called the “oil 
length” of the varnish. Varnishes usually are classified as to oil length as well as to 
the major types of oi] and resin used in their manufacture. The more common var- 
nishes can be grouped as follows: 

Short (5-15 gal. oil length). A typical example is a furniture finish in which 
fast dry, hardness, and sanding qualities are more important than flexibility. 

Medium (15-80 gal.). Floor varnishes are good examples of this type. 
Here hardness plus some flexibility (toughness) are important. The low-medium 
oil-length varnishes (15-25 gal.) are used for indoor finishes and the high-medium 
gil-length varnishes (25~30 gal.) are used for exterior floor coatings. 

Long (35-50 gal), Texterior varnishes are the most typical of this group. 
These coatings must withstand sunlight, which tends to embrittle the film, and tem- 
perature changes, which affect the dimensional stability of the substrate. Tu this 
case the flexibility of the varnish is mich more important than its hardness. The 
resin component is used principally to improve drying speed and resistance to water 
and salt atmospheres, A few resins, however, for example, the pure phenolies, con- 
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tribute to the flexibility of the oil. In this case shorter oil lengths (25-35 gal.) may 
he used with excellent results. Céxterior varnishes are commonly called spar var- 
nishes. ‘This name dates back to the clays of the sailing ships, when the many spars 
and masts on these ships were varnished. Obviously, this coating had to he of high 
quality to withstand sun andsea. Today, the name still denotes an exterior varnish 
of superior quality.) , 

Extra Long (60-200 gal.). Extra long varnishes, which actually are fortified oils, 
are used in special applications where extreme flexibility is required, his is im- 
porkint in applications such as cable coverings where the substrate or protected 
product is to be bent or flexed in service, 


Manufacture 


Heating the varnish components (cooking) performs one or several widely dif- 
ferent funetions: polymerization, depolymerization, melting and accelerated solu- 
tion, formation of metallic soaps, esterification, gasproofing, and distillation or 
evaporation. The art and science of varnish cooking depend entirely on the control 
of these separate functions. 

Polymerization. Sce p. 649. 

Depolymerization. Some natural resins, for example, Congo or kauri, are so 
high in molecular weight that they are insoluble in drying oils. By heating the resin 
to 600-650°R., the resin strueture breaks down, releasing volatile constituents with a. 
consequent loss of 10-80% of the original resin. The remaining resin is quite solu- 
ble in oil, and can then be further processed to form a finished varnish, This pro- 
cedure is called gum running and the run resin is called a slack-melé resin if partially 
soluble or a jfine-melt resin if completely soluble iu the oil, 

Melting and Accelerated Solution. The temperatures reached during varnish 
processing are high enough so that the viscous or solid ingredients become fluid and 
blond readily. Likewise, at elevated temperatures incorporation of the solvent. inte 
the eook is far less difficult and time-consuming than would be the case if the solvents 
wore added at room temperature. 

Formation of Metallic Soaps. Two types of metallic soaps, metallic resins and 
metallic driers, may be made in the varnish kettle. 

Metallic Resins. As stated under resins, rosin is an organic acid, which must be 
neutralized with certain metals or alcohols to form usable varnish resins. The most 
common metal plus rosin combinations are caletum and zine resinates, which can be 
purchased as hard resins, or can be made in the kettle by reaction of rosin with the 
oxide or hydroxide at 450-550°F. In general, the calcium resinate (called limed 
rosin) usually is made in the kettle. On the other hand, because of the difficulty of 
manufacture, the zinc resinate usually is purchased as a resin or in a concentrated 
solution in mineral spirits, 

Metalic Driers. Seep. 650. 

Esterifieation. To the varnish maker esterificution means the process of Lreating 
rosiu ot tall oil with a polyhydric alcohol to form an ester. Glycerol and pentaeryth- 
ritol are typical of the alcohols commonly used. The reaction temperatures are in 
the range of 450--525°F. 

Gasproofing. The very reactive conjugated oils such as tung, oiticica, or de- 
hydvated castor oils have a tendency to “frost,” that is, to dry to partially crystallized 
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films. ‘This effect is accelerated if the varnish is dried in an oven which is fouled with 
products of combustion from the heabing unit. Tho dried film may alse exhibit, a 
slight checking or a “erows foot” wrinkle formation. Therefore the term “gas 
checking’ is commonly used to describe this phenomenon, This undesirable film 
formation may be eliminated by heating the oil to fairly high temperatures, that is, 
450-580°R, depending on the oil and the type of resin with which it is being processect. 
Tt is believed that at Chese temperatures some of the conjugated bonds of the oil are 
shifted to an isomeric aud nonconjugated position thus eliminating extreme reactivity 
during oxidation, but without markedly affecting the rate of polymerization. This 
oil treatment is called gasproofing. 

The tendency to gas check is used to advantage in the preparation of “wrinkle” 
finishes. To produce finishes of this type, the varnish is purposely cooked at rela- 
tively low temperatures to increase viscosity without gasproofing the oil. 

Distillation or Evaporation. Distillation is used to remove undesirable products 
from the varnish during processing. Examples of such products are the volatile con- 
stituents of run natural resins, excess glycerol left after reaction with rosin or tall oil, 
or water produced by esterification. These products may either he condensed and 
recovered, or removed with the other varnish fumes. 


EQUIPMENT 


The equipment used in processing varnishes is of two general types, both of which 
are in common use: open portable kettles on open fires, and closed. stationary 
kettles with self-contained heat sources (see Furnaces, Vol. 7, p. 36). 

Portable Kettles. The older equipment consists of an open flat-bottomed cylinder 
(kettle) resting on a 3- or 4-wheel truck and heated over an open fire located within a 
“varnish” stack to remove the fumes.’ The height and diameter of the kettles may 
vary from 36 to 48 in. with a gross volume varying from 150 to 370 gal. The kettles 
may be made of steel, copper, Monel, aluminum, or stainless steel, , 

The kettle is loaded in the loading room, then placed over the fire pit. During 
the heating process the batch may be stirred, by hand, or by an agitator. When the 
heat processing is completed, the kettle is removed to another stack for cooling. 
When the correct temperature for solvent addition is reached (800-450°F.), the 
kettle is removed to a third location, the thinning room, where the solvent and 
drier solutions are added. 

Stationary Kettles. Modern equipment consists of a totally enclosed autoclave 
set over or within a totally enclosed source of heat. The autoclave is a vertical cylin- 
der with dome-shaped top and bottom. Usually, it is made of stainless steel. The 
unit is equipped with permanently connected accessory devices such as an agitator 
and thermometer or pyrometer, with an automatic control of the heat source, inert 
gas inlet, condenser, and a cooling device for fast reduction of temperature. Gross 
volumes vary from 500 to 8000 gal. Heating may be by gas or oil fires directly be- 
neath the autoclave, by electric heaters in direct contact with the shell, or by cir 
culating Dowtherm or hot oil in a jacket surrounding the unit. 

Liquid raw materials are pumped directly into the kettle. Solid raw materials 
are adcled through a loading manhole, which can be locked into place. During the 
operation the autoclave is completely enclosed, thus minimizing fire hazards. Proc- 
essing may be done under an inert gas atmosphere or a small amount of the volatile 
solvent may be introduced to form an azeotrope (a constant-boiling mixture) (solvent 
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process), The temperature is automatically adjusted, thus insuring much better 
quality control than is possible with the open kettles. 

The completed batch is cooled by the auxiliary cooling system, and is then 
pumped into an agitated reducing tank which is equipped with its own condenser to 
prevent loss of solvent. 

Modifications of both types of units are used to a limited extent. For example, 
stationary open kettles are used to polymerize large batches of oil. On the other 
hand, some portable kettles varying from 200 to 750 gal. in capacity have tightly 
fitting covers completely equipped with agitator, gas inlet, and condenser, These 
kettles duplicate the large stationary wiits to some degree and have the added ad- 
vantage of lower initial cost, 


Hazards 


By far the most important danger in varnish processiug is that of fire. Typical 
causes of varnish fires are: vapor flash from oil or solvent, autoignition, and foain. 
Although these hazards exist to a slight degree in closed-kettle units, they are far 
more dangerous and more prevalent in the older open-kettle process. 

Vapor Flash. Drying oils will flash and ignite if the temperature reached during 
the cook is excessive. lashing temperatures vary with the oil (600-G50°F.) but are 
rarely reached during normal processing. Fire usually occurs as a result of careless- 
ness, allowing the kettle temperature to run too high. 

Solvents flash at temperatures far below those at which they are added to the 
varnish. J*or example, mineral spirits will flash at 105°F., but is added to a varnish 
base at 400--L50°F. Thus, the vapors that are produced during the thinning process 
will ignite readily if they should come in contact with an open fire or a red-hot kettle 
bottom or truck. Tor this reason, kettles are always cooled away from the open 
fires, and are thinned in a special thinning room located well away from the proc- 
essing area. 

Autoignition. Veory reactive oils, particularly tung oil, are exothermic in reaction 
during polymerization, If polymerization takes place too rapidly, the temperature 
can casily go out of control and spontaneous combustion may occur. 

Foam is caused by water changing to steam at temperatures above 212°F. Water 
may be present in the varnish raw materials or may be formed during a reactiou such 
as esterification or metallic soap formation, This water may cause foaming at three 
stages during the process. (1) During the upheat, if water is present in the raw 
materials. (2) If a reaction, of which water is a by-product, occurs suddenly, the 
water coming off at the usual reaction temperatures (450-550°F.) will form steam and 
cause foaming. (8) When the batch of varnish has cooled to a temperature of 300- 
450°F, (depending on the volatility of the solvent to be added), the solvent is added 
to the batch. If any water is present in the solvent (which is at room or tank tem- 
perature) when the solvent is mixed with the hot batch, the water will suddenly turn 
to steam and cause foaming. However, this usually is not a fire hazard since the 
thinning room is always placed well away from the varnish fires. 


Tests and Specifications 


Some of the tests described below-are used as quality control tests in production. 
Most of them are usec. by prospective consumers, cither industrial or governmental, 
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to determine whether or not the varnish will perform the Canetions for whieh it has 
been designed. 


PRODUCT TUsts 

Color (ASEM. D1i54-50, TT-P-{4ib-424.8). The paler the varnish, the less 
it, will discolor the surface ov whieh it is applicd, Color is measured by means of an 
arbitrary system called the Gardner or MHellige color standards, whieh are rated from 
1 to 18 in increasing depth of color. Pale varnishes have colors ranging [rom 7 to 10, 
and standard varnishes have colors ranging up to 4. Raw linseed oil for example has 
a color of IL. 

Viscosity (A.S.T.M. D154-50, ‘UT-P-1-41b-$27.1). The application for which 
the varnish is intended deLermines its viscosity as shown in Table IL. Viscosity is 
measured in absolute units (puises) or more often by an arbitrary set of standards 
valled the Garduer-Holdt viscosity standards. Gardner-Holdt viscosities range [rom 
Ato Z-10 in increasing viscosity. 


TABLE If, Typical Viscosities. 











Viscusi ty 








Material Gardner-Holdt Poises 
Floor sealers Below A Below 0.5 
Raw linseed oil A 0.5 
Alwninum varnishes AD 0.5-L.0 
Floar ar spar varnishes Ci 0. 88-2.0 
Tung oil J 2.5 
Paint vehicles 1)-Z-6 1.0-200 
Polymerized oils Q) -Z-6 41-200 








Acid Number (A.8.T.M. D154-50, UT-P-141b-507.8). This is measured by 
dissolving a sample of varnish in a water miscible solvent mixture, for example alcohol 
and benzol, then neutralizing with a standard alkali solution in the presence of an 
imdicator. The acid number is expressed as the number of milligrams of potassium 
hydroxide required to neutralize | gram of the sample. 

In general, a low acid number (say below 15 based on the solids) is desirable since 
it denotes low residual reactivity in the varnish, <A well-reacted varnish will Lave 
uptimum drying qualities and water and chemical resistance for that particular 
type of varnish. Low acidity is especially important if the varnish is to be mixed 
with aluminum. An acid vehicle will cause loss of leafing of the aluminum in a com- 
paratively short time. 

Nonvolatile Content (A.5.‘T.M. “D1st- 50, TP-P-141b-404.1). An important. 
conteal test is the determination of the amount of solvent ii the varnish. Tf the non- 
volatile of a varnish is low (high solvent coutent) at the correct viscosity, then the 
batch has been overcooked, for example, overpolymerized, If the nonvolatile is 
high at a given viscosity the batch has been undercooked. Viscosity deviations 
within 1%, of standard are considered acceptable, but a greater variation snggests 
future trouble, such as possible gelling during storage if the varnish is overcooked, 
and poor drying or poor water and chemical resistance if undercooked, 

The nonvolatile content is determined by evaporating the solvent from a meas« 
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ured weight of the varnish by heating at 220°), then calculating the percentage of 
base remaining. 

Flash Point (A.S.T.M. D56-52, T'T-P-141b-429.1). For optimum safety a var- 
nish should have as high a flash point as possible consistent with desired drying quali- 
ties. (A fast-evaporating solvent will have a comparatively low flash point). For 
example, the Federal Government requirement is 4 minimum of 86°F. Tn many 
localities the minimum is 100°F. The Interstate Commerce Commission requires 
a red danger label on all products having a flash point below 80°F. Table ITE gives 
flash points of some varnish solvents. 


Solvent lash point, °F. 











VM. & P. naphtha 2() 
Mineral spirits 105 
Toluene AO 
Nylene 85 
Hi-Aash naph tlie 105 





Skinning (A.8.T.M. D154-50, TT-P-141b-414.1) is the tendency of the varnish to 
form an insoluble skin on its surface during storage. A well-provessed varnish should 
not skin when stored in a full container. To check this property, a glass jar is 
filled 84 full with the varnish and closed tightly. Some specifications require that 
no skin should be ohserved after 48 hours. 


PERFORMANCI 'TESTS 

Drying Speed (T'T-P-141b-406.1). Fast drying is always desirable provided that 
other properties, such as brushing, are not adversely affected. Drying speed is of 
primary Importance in varnishes for furniture and floors. In furniture varnishes, 
dust is always a problem, so drying must be extremely fast. Varnished floors must 
be reopened to traffic quickly, so again drying of the varnish should be as rapid as 
possible, 

Drying is measured by flowing a thin film of the varnish on a flat panel of glass or 
smooth metal, then timing its “set to touch,” “dry hard,” and “dry tack free’’ char- 
acteristics. A varnish is set to touch when none can be removed by a light touch 
of the finger (usually the time when most of the solvent has evaporated), Tt is dry. 
hard when it cannot be marred by finger pressure, and it is tack [ree when no sticki- 
ness or tack is felt under finger pressure, 

Gas Checking (see “Gasproofing,” p. 651) (TT-P-141b-416.1 or .2). Varnishes 
are tested for gas cheeking by allowing a coated panel to dry in a closed area such as ¢ 
bell jar, in which a small gas flame is allowed to burn until i¢ goes out due to lack of 
oxygen. A properly processed varnish will dry to a satisfactory film in this simulated 
foul atmosphere, but an improperly gasproofed varnish will check. 

Flexibility (A.S.T.M. D154~50, TT-P-141b-415.1). Flexibility is of importance 
wherever a possibility exists that internal stresses of the substrate due to physical de- 
flection or temperature changes may produce a break in the varnish film. This is 
especially significant in exterior or spar varnishes, 

The test consists of mixing the varnish with increasing percentages of a brittle 
resin solution (“run”? kauri in turpentine), then flowing out films of the mixtures on 
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tin panels and baking them in an oven for a number of hours. The panels are then 
cooled to room temperature and bent over a 1% inch mandrel. T he percentages of 
added solution are increased until failure (cracking) occurs. The flexibility is ro- 
corded as the kauri reduction, that is, the maximum percentage (on weight of the 
nonvolatile of the sample) of added kauri solution at which the varnish passes the 
bending test. See TableIV. 


TABLE IV. Flexibility of Varnishes. 














Varnish Kuuri reduction, &% 

Furniture varnish 0-20 
Floor varnish: 

Tnterior 20-50 

Téxterior 50-100 
Spar varnish: 

Fair quality 50-80 

Best quality 


100-[80 





Water and Chemical Resistance (A.8.T.M. D154-50, D151-52T, TT-P-L4tb- 
601.1). All varnishes must have at least fair resistance to water and exteriar or floor 
varnishes should have good water resistance. Water resistance is tested by partially im- 
mersing a well-dried coated panel in cold water (1 to 7 days) or boiling water (15 minutes 
to 7 hours), the time varying with the quality of the varnish. Some change in the panel 
after immersion is acceptable provided that the change is not noticeable after a short 
recovery period (1-2 hours). Immersion tests may also be run in other chemicals or 
solvents to which the varnish should be resistant. Caustic resistance is a common 
test for floor and factory maintenauce varnishes. In this test a glass test tube is 
used inasmuch as the caustic will affect the tin panel. The concentration of the solu- 
tion may vary from 1 to 5% NaOH and the time from 4 to 96 hours. 

Color Retention. Varnishes differ widely in their tendency to discolor with 
age. However, varnishes for light surfaces such as bleached woods should have good 
volor retention, There is no specific test for this property, but varmishes may be 


TABLE V. Typical Varnish Specifications. 





TT-S-U76a, 








Fluor sealer TT-V-71d TT- V-86 TT-V-1L21C 
— ” Moor and Cabinet Exterior 
Class 1 Class 2 trim rubbing shar 
Jolur, max. _ _ 1+ I+ 14 
Viscosity, poises Q.5 max. 0.22 max. 0.85~-2.0 1. 28-2.0 0.85 2.0 
Nonvolatile, minimum, % 40 25 Bt) 45 55 
Flash point, minimum, ° I’, 86 86 86 _ 86 
Skinning, 48 he. Noue Noue None None None 
Set to touch, hr. 1-3 1-3 1g-2 14-2 13-2 
Dry hard, max., lu, 7 7 7 7 8 
Tack free, max., hr. — — 2h ve 2+ 
Gas checking _ — Noue None None 
Flexibility (kauri), pass % 100 100 25 0 100 
Water resistance 
Cold water, minimum, hr. 24 24 72 72 72 
Boiling water, inimum, minutes 80 30 15 [5 
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compared against each other, partly covered under normal daylight or under ultra- 
violet light for accelerated results. The superior varnish will show little or no change 
cither in the exposed or in the covered area of the panel. 

Durability (weathering) (A.8.T.M. D822-46T, D1006-51T, D1014-451, TT-P- 
141b-615.1 or 2, TT-P-141b-616.1). 1n the case of exterior varnishes, durability tests 
are the fal measure of the protective value of the product. Panels of substrates simi- 
lay to those to be used in practice are coated with the varnish and exposed in various 
ways. The most informative but the slowest method is to expose the panels uncer 
the identical conditions to which the product will later be subjected in practice. A 
faster method is to expose the panels at 45 degrees facing south in an ares such as 
Florida with its comparatively high sunshine and rainfall. The fastest and least. 
accurate method is to expose the panels in a weatherometer in which sunlight is 
simulated by carbon are lamps aud rainfall by an intermittent water spray. The 
weatherometer is useful as a screcning test: A product that fails quickly in the 
instrument can usually be eliminated from further consideration. On the other 
hand, a product giving a good weatherometer result may still fail quickly under actual 
conditions of use.. 


Uses 


The applieation of varnishes may be classified according to end use in the follow- 
ing groups: 


Architectural coatings (buildings): 

(a) Interior floors (wood, linoleum, tile) 

(b) Interior trim (wood) 

(¢) exterior floors (wood) 

(d) lixterior walls (wood) 

(e) Mixing varnish for adelition to paints Lo improve leveling, dry, aud gloss, 
Industrial coatings (manufactured objects): 

Cf) Furniture (wood and metal) 

(g) Electrical insulation 

(h) Can linings 

(i) Metal roller contings (Venctian blinds) 
Marine varnishes: 

(j) Interior floor and trim (wood) 

(x) lixterior decks (wood ) 

(1) exterior superstructure (wood) 
Printing: 

(m) Overprint varnishes for paper labels and lithographed metal 
Specialty uses: 

(n) Chemically resistant varnishes for heavy industry 

(0) Alcoho-resistant varnishes for bar tops 

(p) Waterproofing for conercte floors and silos 


Typical formulas 


Typical formulas are presented below to demonstrate the processing and encl 
uses of varnishes based on various oils aud resins. -The lead naphthenate contains 
24% Pb as metal, cobalt naphthenate or linoleate 6% Co as metal, and the manganese 
naphthenate 6% Mn as metal. A general description of these formulations is given 
in Table VI, 
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TABLY VI. Typical Formulas. 
Formal Resin Oil eth Process* Tend use 
4 Natural resin Tang 8 Depolymerization —(f) 
2 ster gum Oiticiea, linseed 25 Gasprooling (e) 
3 Pure phenolic Linseed 12.5 ° (gh) 
4 Pure phenolic Tung 12.5  Gasproofing (n,0,p) 
5 Pure phenolic Dehydrated castor, male- 25 Gasproofing (a,b,e,d, 
inized soybean ikl) 
6 Modified phenolic Tung, linseed 9 * (m) 
7 Modified phenolic Dehydrated castor 25 Gusproofing (a,b,¢,},k) 
8 Maleic Tung, linseed 10 Gasproofing (i) 
9 Pure terpenc Dehydrated castor, tung = 15 Gasproofing (a,b) 
10 Terpene phenolic Tung 33 Gasproofing (dl 
IL Coal tar resin Tung ais) Gasproofing (p) 
Pure phenolic 
12 Petroleum Linseed, fractionated fish, 12 Gasproofing, (f) 
ting 
13 Tall oil Tall oil, dehydrated 20 Esterification (bye) 


castor 





© {n addition to Usted process 


tion in each cage. 





F¥ORMOULA 1. Furniture Rubbing Varnish. 























Constituent Amount, lb, 
Congo... ce eee 130 (100 after running) 
Tung of. ee eee 62 
Mineral spirits........-0.....000, 195 
Lead naphthenate.........00.,.0. 1.0 
Manganese naphthenate........... 0.2 
Cobalt naphthenate.............. 0.2 

Total. ooo ce cece eee 388.4 
Charneteriatios 
Oillength....... eee 8 gal. 
Nonvolatile. 0.0.0.2... 45% 
Viscosity... ...........,. A-C 
Dry tack free... ........ 24 he, 
Tind use................. f 





Cooking procedure: Heat the Congo to 635-650°F. ~Hfold the batch at this temperature until 


all the Iumpa go into solution. 


Allow the temperature to drop to 550°F, 
reheat to 560°F. Hold at that temperature until the desired viscosity is reached. 
the batch from the fire and cool rapidly b 
At 425°F, add the solvent and driers. 


FORMULA 2, Mixing Varnish. 


Then add tung oil and 
5 Then remove 
y spraying water on the outside and bottom of the kettle. 





Amount, tb. 





Constituent 

Bister 20M... eee ee eee » 240 
Oiticiea oil... ., acct e eee teens 425 
Bodied linseed oil (4).........0...... 55 
Mineral spirits... 0.0000... cc cce cece 450 
Lead naphthenate... 2.0.2.0. 0 0.0 4 
Manganese naphthenate.........0...... 4 
Cobalt naphthenste................... 4 

Talal ce cee cee eee 1182 





(Continued) 
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FORMULA 2. Mixing Varnish (Concluded). 


Characteristics 











Oil length. ......0000., 25 gal. 
Nonvyolatile......... . 61% 
Viscosity. ....... — Gal 
Golov. 6.20.68. 48 
Dry hard........ ....8hr. 
End use.............-. @ 





perature for 8 min. Add the linseed oil, Allow the batch to coul ta 450°F. Add the solvent and 
driers. 


FORMULA 3. Can Coating. 














Constituent Amount, Lb. 
Bakelite 10282 (pure phenolic)... 2.20. 100 
Admolene (catalyzed linseed)... 0... 97 
Nylene. 0... eee ec ee ees 223 
Lead naphthenate........0.0..000.00.0020.. . 2.0 
Manganese naphthenate.......000000002 0005, 0.3 
Cobalt naphthenate, ......002.0.0...6 00000000. 0.8 
Potala eed 4231 
, Characteristics , ~ ~ ~ ~~ 

Oillength............. 12.5 gal. 

Nonvolatile............47% 

Oolor.. 2... ee 12 

Dry hard...........0.. 8 hr. (air dry) 

Hind uses... 0.00002... gh 





Cooking procedure: Heat the Admolone to 450°R, in 20 minutes. Remove the kettle from the 
fire, and allow the batch to cool to 440°F. Add the resin slowly while stirring constantly to ayoid 
gelation, When all the resin is dispersed, heat the batch slowly to 360°F. Watch foaming. Hold 
for 45 min. ; ‘Then remove from the fire and add the selvent and driers, This coating is baked at 
212°R, for 1 hy. 


FORMULA 4. Chemically Resistant Varnish. 

















Constituent Amount, Ib. 
Bakelite 264 (pure phenolic)............ 100 
Tung ol... cece eens £00 
Nylene.... 0. ete 198 
Lead naphthenale......0.00. 0.0.00. 02200, 0.2 
Cobalt naphthenate. .-.. 6.000.000. eee 0.01 
Total. e cc ee eee BIB. 91 
— ~ Characteristics 
Oillength...........0. 0.00 1214 gal. 
Nonvolatile.......-.....000.005 50% 
Viscosity. 0.0.00... eee D 
B) Ce) sn 10 
Dry hard. ...... 000.200 eee Lhv. 
Dry tack free... 00. ee + hr. 
Kauri reduction... .......0-..00. 0 
5% NaOH for 96hr...........,.-O.K. 
End uses... .. 066 eee n,0,p 





Cooking procedure: Heat resin and oil to 40°F. in 30 min, Hold at that temperature for 25 
min. Allow the batch to cool to 300°, Add xylene and driers. 
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FORMULA 5. Marine Spar Varnish. 











Amount, Ib. 





Bakelite 9400 (pure phenolic)... ....0........ 100 





Custung 103 (G-H) (dehydrated eastor).. 2... 160 
Varsoy (4-3) (maletnized soybean)... ..0.00. 40 
Mineral spirity... 0.0.0.2 02 2. dT 
Leal naphthenate... 00.6 ee ee 8 
Cobalt uaphthenate, 0... ee 3 





Total. co ee ec ee DOS 














Oil length. oo. ee 25 gal. 
Nonvolatile. 0.0... 0............65% 
Viscosity. 0.000000. 02 ee eee b 
Color. oo. eee 12 
Acid number. oo... 020 LT 

Set to toneh.. 2.000.000. .0080- 1 hr. 
Dry hard... eee | har 
Dry tack frees. ee 8 hy 
Kauri reduction...............-. {40% 
Boiling water (1 hr... ee. OM. 
Cold water (72 hn)... ee OR, 
End uses... eee ayh,cd,j kL 





FORMULA 6. Overprint Varnish. 








~ ‘Constituent — oe “Amount, lk. a 
Krumbhaar 707 (modified plenolie).... 0.0. 00000005. 100 
Tung O11, cee ee AO 
Refined linsoed oil, 22... ee 52.5 
Cobalt linoleate, 00000000000 00000. c cee eee eee 8 
Cornstarch... ee eee 6G 
Short~range kerosene... 0.0.0.0. ee 60 
Trteal. oo TRE 








Chiracteristios 





Oil length... 2.20.2... 8, 9 gal. 
Nouvolatile. 2000.00.00. 75% 
Ind use..........0.....in 





Cooking procedure: Heat the resin, tung oil, and 40 Ib. of linseed oil to 425°F. Hold at that 
temperature for a clear hard pill on glass, (The pill is produced by allowing a sample drop of the 
batch to cool on @ glass panel. If the ingredients arc completely dissolved the pill will be elear, and 
when ‘the oil is sufficiently polymerized, the pill will be hard. At short oil lengths and especially 
where the concentration of tung oil is comparatively low, gnsproofing is not « problem and it is un- 


necessary to cook at high temperatures.) Add 12.5 lb. of linseed oil and cornstarch. When these 
are completely dissolved, add the solvent. 








Constituent — Amount, Ih. - 
Krambhaur 505 (maditied phenolie)............ 100 
Castung 403(Z-3) (dehydrated eustor),... 0... 200 
Mineral spirits.....0 0000 00.0 ccc eee 245 
Lead naphthenate. 00.0.0. 4.0 
Cobalt nuphthenate....0....0000 00000000. 1.6 
Palabra cect cece eens 850.6 





(Continued) 
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( ‘haracteristios — : 

Oillength.. 0.0... 000022. 25 gal. 
Nonvolatile......0 000000002... 55% 
Viscosity... 0.000000... 0,200. H 
Color... ce ee {2 
Acid number...........,...... 5 
Set to touch... 2. Lhr. 20 min. 
Dry tack free... le. 5 hy. 
Kauri reduction... ...00....... 100% 
Boiling water (1 hr)... 2.0... OLR, 

Jold waler (72 hr.)... 000.0... O.K, 
Hand uses. ....0 0000.0 0.00 ce eee ayb,e,j,k 





Cooking procedure: Tleat the resin and. 100 lb. of ‘oil to 85°F, Fold for a clear pill on glass. 


FORMULA 8. Venctian Blind Varnish. 








Constituent Amount, ‘tb. an OO 
Krumbhaar 414 (maleie resin)... 100 
Tung oil... eee G4 


Bodied linseed oil (Z)..0.00..00........ 2. 16 

Mineral spirits... 0... 180 

Cobalt naphthenate.......0..000..0.0.0..000. 0.6 
Dolado ce ee BHO.B 





Characteristics 





Oil length... 0.0000... LO gal. 
Nonvolatile,...........50% 
Viscosity... 0.000000... v 
Color....... Lovee eee 8-9 
Tind use... i 














FORMULA 9. Four-Hour Floor and Trim Varnish. 




















Constituent ~— Amount, Ib. _ : 
Piecolyte S-LL5 (lerpene)....... 0.0000. , 100 
Castung 403 (4-3) (dehydrated caster). 00.000... R0) 
Tung oll... ce nee 40 
Mineral spirits...0 0.000 eee 22) 
Cobalt, naphthenate. 0.0.0.0 00 eee 2 
Lead naphthenate.... ee 5 

0) 1 447 
~ ~~ oO Charaoteristios oo ~ 

Oil Length. ......... we TB pal, 

Nonvolatile.....0..... ..50% 

Viscosity... 000. 0.0.00. Cc 

Color... 6. ee ee 10 

Dry tack free... oo. thy. 

Tind uses... ee a,b 
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FORMULA 10. Spar Varnish. 








Cons tituent Amount 
Dur e7 500 (terpenc phenolic) Lette 100 1b, 
Tung oll. 2...) . 2 eee a . 88 gal. 
Mineral spirits,.....0.-6-0 Foe ee 37 gal. 
Lead naphthenate 22.0... 0-02... 6.5 |b, 
Cobalt naphthenate.. . 2.6 lh 





Charac teris tie 8 





Oil length. . ..38 gal, 


Nonvolalil:. 00.2.0... eee 60% 
Viscosity. . J. GIT 
Color... co eee 12-13 
Aeid number...................4.5 
Set to touch.........0.. ., 0.66 2 hr, 
Dry tack free... .....0.........6 br, 
Kauri reduction..............,. 140% 
Boiling water (L hr). ..........0K, 
Cold water (72 hr.) ............QUK. 
Tend uses... 2.2.00 eee al 





Cook ‘ing procedure: 
Remove the batch from the fire. 


min. 


Heat the resin and tung oil to 460°F, 
Add the solvent anc driers, 


FORMULA 11. Concrete Sealer. 


Hold at thati temperature for 15 














Constituent Amount, lb. 
Cumar V (coal tar resin). 20. eee 70 
Bakelite 254 (pure phenolie)................. 80 
Tung oll... tenes 117 
Mineral apivita, 00... eee 7 
Cobalt naphthenate........0....:0 00 cece eee ] 
Total See ee eee tba eee eee ee eee eee 48S 
Characteristics —— ™ —_ 

Oil length, .......... 0.005 15 gal. 

Nonvolatile..............,50% 

Viscosity... 0.000.000.0058 K 

Dry tack frees... 2.2 ee 14g hy, 

5% NaOH..........0.-45 Over 168 hr. 

End use. .P 





Cooking procedure: 
500°F. until the desired viscosity is reached. 


and drier. 





Heat the oil and Bakelite to 500°R, 
Allow the batch to cool to 425°F. 


FORMULA 12. 


Add the Cumar resin, 


Hold at 
Add the solvent 








Constituent Amount, lb. ; 

Piceopale 100 (petroleum resin). bette es 100 
Refined linseed oil... . 1G 
Hi-Frak (fnctionated fish oil). rr 40 
Tung oil. , Scene tee eee e te eee eee OY 
Mineral spirits beeen tebe beeen tenes 180 
Lead naphthenate.......0.0.0.00 000.000 2 
Cobalt naphthenate....00. 0... 0.cce eee eee 05 

6) B88? 8 





(Continued) 
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‘PORMULA 12 (Concluded). 














Characteriaties 
Oillength. 00.0... 12 gal. 
Nonvolatile..............60% 
Viscosity....0....... ae 
Color... 0. 12 
Dry tack free.......,.. .6hr 
[ind use.........,....,..8 





Cooking procedure: TWeat the resin, Hi-Frak and tung oil to 525°F. in 30 min. Then heat the 
batch ata slower rate to 550°F. (10 min.). Hold at 550°F. for a hard pill on glass. Continue to 


hold at that temperature for another 20 min. Add the linseed oil. Allow the batch to cool to 425°F. 
Add the solvent and driers, 


FORMULA 138. General- Purpose Utility Varnish. 




















Constituent —_ “Amount, Ib. oO - - 
Tall ofl... cece eee 1000 
Dehydrated castor oil (Z-3)............... 405 
Pentaerythritol.. 200.0. ee 136 
Maleic anhydride........................ 40 
Mineral spirits. ............0....0000000-- 1530 
Lead naphthenate................ 00,005. 30 
Cobalt naphthenate.,.................0.. 10 
-Manganese naphthenate.................. 6 
Totah, occ ce eee eee 3156 
Characteristics - : 
Oil length (equivalent)............ 20 gal. 
Nonvolatile. 00.00.0000 0000.02 cee 50% 
Viscosity... 0.00.00. 00. eee G 
Acid number..................0..- 8 
Color... ee eee 8 
Dry hard... 2. eee Gh 
Kauri reduction.,..,...........0. 30% 
Vind uses... 6... ce b,e 





Cooking procedure: A closed unit under carbon dioxide atmosphere isused. Charge the tall oil, 
dehydrated castor oil, aud maleic anhydride into the kettle. Heat to 450°F. and hold for 30 minutes 
to form a maleic adduct. Slowly add the pentaerythritol with good agitation to prevent foaming. 
When all in, heat to 550°F. and commence sparging with carbon dioxide to remove water of eateri- 


fication. Hold at 550°F. for 5 hours to viscosity. Allow to cool to 450°F. and add solvent and 
driers. 
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VASICINE, CyHwN.Q. See Alkaloids, Vol. 1, p. 500. 
VASOPRESSIN. Sce Hormoncs (posterior-ptiuitury), Vol. 7, p. 492. 


VAT DYES 


Vat dyes are colored, water-insoluble organic compounds which possess the property 
of forming water-soluble alkali salts in an alkali reducing bath and whose solutions have 
affinity for cellulosic fibers. Regeneration of the insoluble dye from the water-soluble 
leuco base or vat form is accomplished by oxidation, usually with atmospherie oxygen. 
Vat dyes may also be applied to cellulose in the form of the alkali metal salts of their 
leuco sulfuric acid esters (Incligosols). (Sce Vol. 1, p. 976; Vol. 5, p. 898; Vol. 18, 
p. 336.) The chief classes of vat dyes are the indigoid dyes (see Vol. 7, p. 814), and 
the anthraquinone and related quinonoid dyes (see Vol. 1, p. 966). Sulfur dyes (see Vol. 
13, p. 445) are also sometimes iucluded. For pigmeuts from vat dyes, see Pigments 
(arganic), Vol. 10, p. 673, 

' In the USS., vat dyes are growing at the expense of other colors. Anthraquinone 
colors are largely responsible for this increased use, owing undoubtedly to their superior 
general fastness properties on cotton and viscose rayon. These tivo fibers constitute 
about 70% of the textile field on which the “vat dyed” Jabel has gradually become 
known as asymbol of quality to the consumer, 

Two classes of dyes accounted for 55.8% of all dyes produced in 1953. They are: 
vats, 60,957,000 Ib. or 36.8%, and direct dyes, 31,495,000 Ib. or 19%. In the five- 
year period 1947-1951, the average for vats was 60,280,000 Ib. or 32.89%, for directs, 
40,717,000 tb. or 21.8%. In 1952 the figures were: for vats, 57,189,000 Ib. or 39.4%, 
and for directs, 26,805,000 Ib. or 18.5%. In the vat totals, indigos accounted for 
11.5% in 1947-51, 11.8% in 1952, and 10.8% in 1953. Of all classes, nonindigoid vat 
dyes showed the greatest increase in production, 11.5% from the period 1947-51 
chrough 1953. 


Fast vat dyes are sold in the U.S. under the following trade-marks. (A complete 
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list of dye trade-marks is given i the Technical Manual and Yearbook of the American 
Association of Textile Chemists and Colorists.) 


Name Manufacturer 
Ahcovat Arnold Hoffman and Co. 
Algol General Aniline 
Amanthrene Americun Aniline Products 
Calcoloid American Cyanamid Co. 
Culcosol American Cyanamid Co. 
Carbunthrene National Aniline Division 
Cibanone Ciba Co. 

Tndanthrene General Aniline 
Mayvat Otte B. Muy 
Novanthrene Nova Chemical Co. 
Ponsol Du Pont 


In addition to the trade-marked names, somewhat different terminology is fre- 
quently applied to vat dyes. One common practice eliminates the procducer’s trade 
mark, leaving only the identifying stem. For “example, Indanthrene Olive T or 
Ponsol Olive T may simply be referred to as Olive T, The same dye may also be 
referred to as Vat Olive T or Anthraquinone Vat Olive T. 

The term “Indanthrene” in America or ‘Tudanthren” abroad is a trade name 
reserved for vat dyes of the highest fastneys properties, In usage today, the term has 
become synonomous with “‘very fast.’’ , 

The production and sales of vat dyes as reported by the U.S. Tariff Commission 
for 1958 are shown in Table I. 

















Production, Quantity, Value, 
thousands thousands thousands Unit 
CuT. No, Dye of pounds of ponnds of dollars value 
1100 Indanthrene Navy Blac BRP 65 855 d073 1.25 
1101 Vat Jade Green 6506 5632 6294 1.12 
118 Indanthrene Blue GCD 2475 2074 3251 1.57 
1102 Vat Green B 23-44, 2225 1412 0.63 
1118 Indanthrene Blue GUD 2475 207-4 3251 1.57 
1151 Tndanthrene Brown R. 852 686 1055 L.B-+4 
re fudanthrene Brown G 823 789 1076 1.36 
1150 
1150 Indanthrene Olive R 782 770 879 Lid 
Prototype No. 
118 Tndanthrene Brown BI 1019 1005 1487 1,48 
12] Indanthrene Khaki 2G 25901 2626 3585 1.37 
291 Indanthrene Golden Yellow GIX 833 §13 LiI9S 2.84 
293 Indanthrene Olive Green B 20388 1665 2636 1.58 
517 Indauthrene Olive T 1354 1368 1868 1.37 
3) Algol Yellow GC 2269 2030 3033 I 


“ Mixture. 








APPLICATION 


Vat dyes are sold in both powder and paste form. The powder form has tlie ad~- 
vantage of being stable to prolonged storage, whereas pastes are subject to drying 
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out and freezing in cold weather. Undispersed powders must be prereduced for appli- 
cation and cannot be pigment-padded. Dispersed powders and pastes may be used for 
pigment padding and possess the additional property of being more easily vatted in a 
shorter time. This climinates much of the work necessary for preparation of the vat 
as in the case of concentrated undispersed powders (8). 

Several recent innovatious in application are commercially quite important (see 
also Dyes (application), Vol. 5, p.389). Padding of colton with “vat acid” or hydrogen 
leuco dispersions of vat dyes has been practiced in recent times, The method has 
vertain advantages in application, chiefly because the finely divided pigment disper- 
sion, which lacks affinity for cellulose, may be evenly distributed throughout the cloth 
and can be converted to the allxali-soluble leuco ion at a predetermined stage (10,18). 
The process is restricted to pale and medium shades, 

A recent development, redox control, is probably the most important advance in 
vat dye application to cotton and viscose in some years. Oxidation-reduction po- 
tential is measured during the dyeing process and controlled at the proper level by 
additions of caustic soda or hydrosulfite, NagS.0,. By this process uniform runs are 
made on large yardages with little variation in strength and shade from start to finish. 
Rejects and seconds are thus decreased to a rauch lower level than heretofore possible 
(11,18,19). 

Chemical methods of oxidation-reduction control for the purpose of preventing 
dye decomposition have also been used with suecess in many operations. The most 
important agents for this purpose are sodium nitrite and dextrins, 

Continuous vat dyeing by means of a molten metal bath, known as the Standfast 
process, has been developed recently. It is simple in principle. The cloth is impreg- 
nated with reduced vat liquor and passed into a hot molten bath of Wood’s metal type 
at 200°F., where rapid penetration, of the leuco takes place. The color is developed by 
standard oxidation methods. The method has not yet become a factor in vat dyeing in 
the U.S., but in England it has seen considerable use (15). 

Many attempts have been made to dye cellulose acetate with vat dyes. None 
of these methods enjoys outstanding success today. Saponification of the fiber usually 
results, accompanied by a loss of hand. Swelling agents are used in some instances in 
combimation with the vat process on acetate, By the use of ethanol m a mildly alka- 
line vat it is claimed that with selected colors heavy shades of excellent fastness on 
acetate are obtained (1), 

For the dyeing of nylon, vat dyes are relatively unimportant. By increasing the 
dyeing temperature from 140-160°F. to 200-212°F. and substituting sulfoxylate for 
hydrosulfite, spun nylon is dyed in pastel to medium shades (12). 

In every instauce a vat dye exhibits worse lightfastness on nylon than ou cotton. 
Lack of adequate lightfastness has limited the use of vats for this textile. If light- 
fastuess is unimportant and washfastness desirable as in nylon hosiery, vats are used. 

Vats have been applied to the newer synthetics by a continuous process through 
use of the vat acid method (14). Fastness properties vary but in general are good on 
Dacron (a polyester fiber), Acrilan and Orlon (polyacrylonitrile fibers), and Dynel 
(a polyacrylonitrile-polyvinyl chloride fiber) (see also Textile fibers, synthetic). 

Union shades on blends of Dacron or Orlon with wool have been obtained through 
padding the union with an acrylonitrile latex and a vat paste followed by subsequent 
reduction and oxidation (6). Vat dyes in general are not used for wool alone because 
of the high alkalinity required, but indigo, for example, can be successfully applied 
by the Helindon method. (See Vol. 5, p. 396.) 
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Polyester fibers, such as Dacron, lave been effectively dyed with vais by the 
Thermosol process (9). In essence the method consists in padding the Daeron with a 
paste consisting of u thickener, a low-boiling organic solvent, and dispersed dye. The 
fiber is dried and the color is then developed by heat treating at about 400°. For 
this method, indigoid classes are preferred. 


Anthraquinone and Related Quinonoid Dyes 


Nearly all the recent effort in vat dye research hag been concentrated on anthra- 
quinone and related quinonoid systems. Tor the most part, only the newer dyes will be 
discussed. 

Valuable dyes are obtained from benzunthrone (7H-benaz[de]anthracen-7-one). 
Thus Indanthrene Olive Green B (Tr. 293) ts important as a vat green component 
where extreme lightfastness is required in conjunction with other good fastness proper- 
ties (20). It is manufactured by the condensation of 3-bromobenzarthrone (13- 
bromobenzanthrone) with 1-aminoanthraquinone (II), followed by ring closure of this 
product in potassium hydroxide-methanol (see Vol. 1, pp. 970-1, 977, formula (LV)). 
Another member of this benzanthrone (or acridiue) class is Indanthrene Olive T (IIT) 
(Pr. 547). It is an important war-time color and is used in large volume. It is made 
by reactions of the same type as Indanthrene Olive Green B, starting with 3,9-dibromo- 
benzanthrone (L) in place of 8-bromobenzanthrone (7, p. 140) (see Scheme 1). 


ScHEME | 
oO (0) 
0 (0) 
Br 
NH 
O HN 
10) 
+20 rs) alc. 
KOI 
Br HN 
(1) (1) 
0 oO 





(UI) Indanthrene Vlive T 
(Pr. 547) 


Of interest is the sulfur analog of Indanthrene Olive Green B. It is prepared by 
caustic fusion of 8-benzanthronyl 1-anthraquinonyl sulfide at 180°C. (238). 

Important red dyes of the pyrazoleanthrone (anthra[1,9)pyrazole) class are 
obtained by alkylation of Pyrazoleanthrone Yellow (2,2’-dipyrazoleanthronyl, {8,3’- 
bianthra[1,9]pyrazole}-6,6’-(1H,1’H)-dione) (IV) (C.7. 1122), which is now important 
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only as an intermediate (see also Vol. 1, p. 971). The best known is the diethyl de- 
rivative, Indanthrene Rubine R Dbl. (V) (Pr. 124) (21). (The positions of the ethyl 
groups as shown in (V] have been questioned (4).) Brightness of shade and great. 
tinetorial power make this color outstanding. 
ScummMrm 2 
os HH, Gris 
N—-NH HN-—N 


" Pyrazaleauthrone Yellow “, Indauthrene Rubine R Dbl. 
(CL. 1122) (Pr. 124) 


An unusually lightfast series of bluish-red dyes is based upon I-nitro-2-unthra- 
quinonecarhouyl chloride (VI). Tndanthrene Red FBB (X) (Pr. 296), an oxazole, 


ScuemMe 3 
NO, 


\wit, 
q 


0 
(VI) vty (VII) 
NHNIb a 
O NO, ie) NO: O 
O, 
CONHNH, ~ ae 
| 
, N 
0) Oo 18) 
(xD (IX) 
cl-C-C-Cl 
I NU, 
00 
O O.N HN-—NH NH, 
CO OG ye 
0 2 0 O 
CXID (AX) Indanthrene Red FBB 
H:S0, 
Q NO, ia O NH. y—-nN nN NH: O 
I} | I 
C- “| reduetion CA _ . AX 
8) 0 


(XTID 
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industrially important, is prepared by treating 2-hydroxy-3-aminoanthraquinone 
(VU) with 1-nitro-2-anthraquinouecarbony! chloride. The resulting amide (VITD) is 
then cyclized in sulfuric acid to the oxazole (IX), which is ammated with ammonia 
under pressure to yield the dye (X). Recently patents have been issued on the very 
interesting oxadiazole structure derived primarily from the action of (VI) upon 
hydrazine (24,25). The resulting hydrazide (XI) coupled with a difunctional carboxylic 
acid derivative gives the hishydrazide (X11), which on acid ring clostire and reduction 
yields a bisoxadiazole (XIITD), See Scheme 3. 

Vat Blue CLG (XVIIJ), a blue vat dye fast to chlorine, belongs with the thiazole 
dyes (qv.). First, 1-amino-4-nitro-2-anthraquinonecarbonyl chloride (XIV) is eon- 
densed with 2-amino-3-chloroanthraquinone (XV) (see Scheme 4). The resulting 


Scuemy + 


_cocl H.N 
—_—_»> 
16) 


Ivy. xv) 
Oo NH: yf ) O NI 4 0 
-N 
SS 
Cl HS 
0 NO: 16) O NH: 0 
(XVI) (XVI) 
Ne wy 
t 
_ColisCOCL Seen 
nuco{ 


(NVIEL) Vat Blue CLG 


amide (XVJ) is reduced by sodium sulfide, which also replaces the chlorine atom with 
amercapto group. Benzoylation of this derivative (XVII) produces the cyclized dye 
(XVIII) (7, p. 68). (See Scheme 4.) Costly manufacture prevents large-scale de- 
mand for this color. 

Vat Brilliant Scarlet RK (XXID) is an unusual vat dye possessing the phthaloyl- 
quinoxaline (naphtho[2,3-f]quinoxaline) nucleus. It has exeellent fastness to light 
and is extremely bright in shade. The dye is synthesized by heating oxalic acid with 
1,2-diaminoanthraquinone (X1LX) at 150°C. (see Scheme 5), When the intermediate 
dihydroxyquinoxaline (XX) is treated with zine chloride in nitrobenzene, a chloro- 
hydroxyquinoxaline (XXI) is produced, which on condensation with m-toluidine 
produces the dye (XXII) (7, p. 97). After dyeing, this product requires an extended 
soaping to develop its color. ; 

A heterocyclic family of yellow vat dyes of some interest are the 1,9-pyrimid- 
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Screme 5 


ae 
O NH, 
NH: oo _ nC 
+ JIOOC—COOH ——~> Cano, 
10] 
(XIX) xx) 
OH A 
Cl 
ro QO 
CHCA NH seed CH; 
Oo 
CXXI) xx Vat Brilliant Searlet Riv 


anthrones (7H-dibenzolde,h]quinazolin-7-ones) substituted in the 6- or 8-positions with 
acylamino groups. One representative is a very bright greenish yellow, Vat Yellow 
7GK (XXV). It is synthesized by the action of formamide on 1,4-diaminoanthra- 
quinone (XCXTIT) to produce 6-amino-[,9-pyrimidanthrone (XXTV), which is acylated 
by p-chlorobenzoyl chloride to give the dye (XXV) (22) (see Scheme 6). Because of 
its only moderate lightfastness, the question has arisen as +0 whet, her the color de- 
serves the Indanthrene rating under which it is marketed. 


Scumme 6 


Oo 0 
Oo NH, vn y SN 
HCONH: p-CICgH,COCI 
—_—_—_——> —— 
O NH, O NH 9) xuco cl 


(XXT) (XXIV) (XXV) Vat Yellaw 7GK 


Vat Brilliant Yellow 3G (XXVIII) is unique among the anthraquinone amides 
because of its azo group. It is manufactured by the action of p,p’-azobiphenyldi- 
carboxylic acid chloride (XXVII) on 1-amino-5-benzamidoanthraquinone (XXVI) 
(7, p. 178) (see Scheme 7}. The remarkable resistance to reduction of the azo linkage 
of this compound is ascribed to the increased stability conferred by the bis(p,p’- 
biphenyl) system. 

Acedianthrones (aceanthra[2,1-a]aceanthrylene-5,18-diones) are a newer type of 
polycyclic quinone and are unusual in that they possess two fused 5-membered rings. 
Typical is Vat Red Brown 2R (XX), a dichloro derivative of good general properties. 
It is prepared through condensation of 2-chloroanthrone (XX1X) with glyoxal sulfate, 
followed by oxidation with alcoholic potassium hydroxide. Final ring closure is 
accomplished by heating in sulfuric acid (2, p. 127). See Scheme 8. 
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(XXVIII) Vat Brilliant Yellow 3G 
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(XXX) Vat Red Brown 2R 


Valuable for the combination of its bright, reddish-brown shade with excellent 
fastness properties is Indanthrene Red Brown 5RF (XXXIV) (Pr. 448). This 
carbazole dye is synthesized by condensing 5-chloro-1-benzamido-4-methoxyanthra- 
quinone (XX XT) with J-amino-4-benzamidoanthrayuinone (XXXII) to the dianthri- 
mide (XXXII), followed by carbazolation (8, p. 44) (see Scheme 9), 
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(XXXIV) Indanthrene Red Brown 5RE (Pr. 448) 


Indanthrene Brilliant Orange RK (XXXY) (Pr. 116), a dibromo derivative of the 
anthanthrone (dibenzo[cd,jk]pyrene-6,12-dione) family (see Vol. 1, p. 974), is the most 
important member in its class. It is used when an extremely lightfast, bright orange 
is required (7, p. 190). Anthanthrimides prepared from condensation of the halogen 
derivatives of anthanthrones with aminoanthraquinones are violet to gray in shade. 
An example is Vat Gray BG (XXXVD), which is manufactured by the condensation of 
1-amino-4-benzamidoanthraquinone (XXX1D with Indanthrene Brilliant Orange RK 
(XKXYV) (3, p. 23) (see Scheme 10). 

Indanthrene Direct Black RB (Pr. 289) is an important color of the pyranthrone 
class because of its good application properties. It is formed through the condensation 
of ammoviolanthrone (aminodibenzanthrone, an amino derivative of Indanthrene 
Dark Blue BD (C.Z. 1099), see Vol. 1, p. 970) and l-aminoanthraquinone with tetra- 
bromopyranthrone (a tetrabromo derivative of Indanthrene Golden Orange G (CLI. 
1096, see Vol, 1, p. 974). Very probably it is a mixture of all the compounds possible 
from such a reaction (7, p. 118). 
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VEGETABLE BUTTERS. See Fats and fatty oils, Vol. 6, p. 148. 
VEGETABLE BLACKS. Seo Pigments (inorganic), Vol. 10, p. 653. 


VEGETABLE DYES. Sec Colors for foods, drugs, and cosmetics, Vol. 4, p. 811; Dyes, 
Vol. 5, p, 345; Furs and fur processing, Vol. 7, p. 46; Tints, hair dyes and bleaches, 
Vol. 14, p. 169. 


VEGETABLE OILS. See Fats and fatty oils. 
VEGETABLES. See Food and food processing; Food analysis, Vol. 6, p. 832. 


VEGETABLE TANNING; VEGETABLE TANNING MATERIALS. See Leather and 
tanning, Vol. 8, p. 297; Tanning materials (vegetahle). 


VENEERS. See Plywood. 

VENTURI METER. See Fluid mechanics (flow measurement), Vol. 6, p. 645, 
VENTURI SCRUBBER. See Sprays, Vol. 12, p. 720. 

VERATRALDEHYDE, (CH;0).C,—,CTIO. See Phenolic aldehydes, Vol. 10, p. 324, 
VERATROLE, o-C.H,y(OCH3)2. See Phenolic ethers, Vol. 10, p. 331. 

VERATRUM (ALKALOIDS); VERATRINE; VERATRIDINE, CssHyNOn. See 


Alkaloids, Vol. 1, p. 502; Cardiovascular agents, Vol. 3, p. 223; Stimulants and de- 
pressants of the nervous system, Vol. 18, p. 4:1. 


VERDIGRIS, NEUTRAL, Cu(C.H,Q2)..H2O . VERDIGRIS, FRENCH, Cu(C.Hy02)s.- 
Cu0.6H2O. See Copper compounds, Vol. 4, p. 468; Pigments (inorgunic), Vol. 10, 
p. 648. 


VERMICULITE. See Insulation, thermal, Vol. 7, p. 982; Refractorces, Vol. 11, p. 602; 
Silica and silicates (mineral), Vol. 12, pp. 279, 291. 


VERMOUTH, See Wines. 

VERNOLIC ACID, CH,(CH.),CHOUHCH :CH(CH,) COOH. See Matty acids: (hydroxy 
and kelo), Vol. 6, p. 288. 

VESICANTS. See Gas warfare agents, Vol. 7, p. 121. 


VESUVIANITE, CawAli(Mg, Fe)oSigOu(OH)s. See Silica and stlicules (mineral), Vol. 12, 
pp. 279, 301. 


VETIVENE, CisHu; VETIVEROL, VETIVENOL; VETIVER ACETATE. See Terpencs 
(sesqui-), Vol. 18, pp. 748, 746. 


VETIVER OIL. See Oils, essential, Vol. 9, p. 590. 
VETIVONES, Cy;Hy»O. See Ternenes (sesqui-), Vol. 18, pp. 745, 750. 
VICKERS HARDNESS TEST. See Hardness, Vol. 7, pp. 368, 365. 
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Vinegar is a condiment prepared by two separate microbial processes, first an alcoholic 
fermentation of various raw materials, containing either naturally occurring or con- 
verted fermentable sugars, by species of yeasts of the genus Saccharomyces, and second, 
the so-called oxidative fermentation of alcohol so produced by species of bacteria of 
the genus Acetobacter. (See Aceticacid; Enaymes; Fermentation.) 

Although cull apples and apple peels and cores are the most important economic 
raw material in the U.S., grapes and grape products, barley malt, honey, and various 
cull fruits (fresh and dried) may be used for the production of table vinegar. Indus- 
trial alcohol is the most important source of vinegar for use in mayonnaise, tomato 
products, prepared mustard, pickles, sauces, and other products. Specially flavored 
vinegars are prepared by infusion of cider or wine vinegar with herbs and spices such 
as garlic, eschalots, tarragon, etc. 

There is no standard of identity for vinegar under the Food, Drug and Cosmetic 
Act of 1988. Under the Federal Food and Drugs Act of 1906, in the latest effective 
service and regulatory announcement of 1933, the following six types of vinegar are 
defined (22): 

“1, Vinegar, cider vinegar, apple vinegar, is the product made by the alcoholic 
and subsequent acctous fermentations of the juice of apples, and contains, in 100 
cubic centimeters (20°C.), not less than 4 grams of acetic acid. 

“2, Wine vinegar, grape vinegar, is the product: made by the alcoholic and subse- 
quent acetous fermentations of the juice of grapes, and contains, in 100 cubic centi- 
meters (20°C.), not less than 4 grams of acetic acid. 

“3. Malt vinegar is the product, made by the alcoholic and subsequent acetous 
fermentations, without distillation, of an infusion of barley malt or cereals whose 
starch has been converted by malt, and contains, in 100 cubic centimeters (20°C.), 
not less than 4 grams of acetic acid, 

“4, Sugar vinegar is the product made by the alcoholic and subsequent acetous 
fermentations of sugar syrup, molasses, or refiners’ syrup, and contains, in 100 cubie 
centimeters (20°C.), not less than 4 grams of acetic acid. 

“5, Glucose vinegar is the product made hy the alcoholic and subsequent acetous 
fermentations of a solution of glucose, is dextrorotatory, and contains, in 100 cubie 
centimeters (20°C.), not less than 4 grams of acetic acid. 

“§, Spirit vinegar, distilled vinegar, grain vinegar, is the product made by the 
acetous fermentation of dilute distilled alcohol, and contains, in 100 cubic centimeters 
(20°C.), not less than 4 grams of acetic acid.”’ 

The composition of vinegar will depend upon: the nature of raw material that is 
converted to vinegar stock; the materials added to facilitate alcoholic fermentation 
(such as nitrogenous, phosphate, and potassium compounds added to products de- 
ficient in these, for example, honey, and sulfurous acid or sulfites added to control the 
alcoholic fermentation) ; the materials added to facilitate acetification (usually growth 
and activity stimulants for Acetobacter such as yeast hydrolyzates, B-vitamin concen- 
trates, and phosphates); and the extent of alcoholic and subsequent acetic fermenta- 
tion. The early standards for vinegars, particularly cider vinegar, prohibited the use 
of fruit waste accumulating in other industries, such as apple peels and cores from apple 
sauce and dried apple production. To prevent, the use of these products and adultera- 
tion of a fruit vinegar such as cider vinegar with vinegars from another source or ad- 
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dition of acetic acid or water, the early definition of vinegar (21) specified a minimum 
apple solids and apple ash content. The early standard specifying the presence of not: 
less than 1.6 g. of apple solids and not less than 0.25 g. of apple ash was so impractical 
that it actually compelled the manufacturer of high-grade cider vinegar to adulterate 
his product to meet the requirements. Present standards are more realistic and allow 
the manufacture of cider vinegar not only from the juice of whole apples but.also from 
the juice of sound apple pecls and cores. he historical evolution of present standards 
is discussed by Tolman (21), Brooks (6), and Mitchell (14), and the present position 
by Herrick (10). 

The most widely quoted data (see ref, 6) on the composition of cider vinegar are 
those of Balcom (3). They are given in Table]. In comparison with cider vinegar, 
the average solids content of wine vinegar is 1.89%, malt vinegar 2.70%, and distilled 
vinegar 0.35%. The ash content for these vinegars is 0.27, 0.34, and 0.04%, respec- 
tively; and the P.O; content, in comparison with 0.035% for cider vinegar, is 0.053, 
0.105, and 0.0%, respectively, for the others. 








TABLE I. Composition of Cider Vinegar. 





Constituent Average Max. Min. 
Total acid as acetic, % 4. 94 7.96 3.29 
Total solids, % 2. Get 4,52 1.37 
Nonsugar solids, % 1.90 2.89 1,26 
Reducing sugars in solids, % 19.6 15.0 5.6 
Total ash, % 0.367 0.52 0.20 
Alkslinity of water-soluble ash, ml. 0.1N acid” 35.7 56.0 21.5 
Ash in nonsugar solids, % 18.8 26.5 11.2 
Soluble phosphoric acid (mg. P:O;)° 17.3 39.9 6.7 
Insoluble phosphoric acid (mg. P.0,)* 20.3 642 15.1 
Alcohol by volume, % 0.35 2,0 0.08 
Glycerol, % 0.30 0.46 0.23 
Polarization (direct), °V —1.46 —3.6 —0.2 
Polarization (invert), °V ~—1.60 —8.1 0.0 








® Ash from 100 ml. vinegar. 


In addition to acetic avid, vinegars contain variable amounts of: uonvolatile 
organic acids (chiefly malic and citric acids with smaller amounts of succinic and lactic 
acids; formic acid may be present in distilled vinegar); glycerol; unfermented and 
unfermentable sugars; unoxidized alcohol and acetaldehyde; acetoin (acetylmethyl- 
earbinol); and phosphates, chlorides, and sulfates of potassium, calcium, and other 
cations. The analysis of vinegars at present (2) ineludes the determination of total 
solids eontent, total and water-soluble and insoluble ash content, alkalinity of soluble 
ash, total and soluble and insoluble phosphate, total acid content, volatile acid content, 
total reducing substances before and after inversion, nonvolatile and volatile reducing 
substances, alcohol, glycerol, coloring matter, polarization, sulfute, heavy metals, 
dextrin, preservatives, and permanganate oxidation number. From these analyses, 
interpreted in terms of the known variability of authentic vinegars, it is possible to 
determine the type and extent of adulteration. The permanganate oxidation number 
is particularly useful for differentiating between vinegar and commercial acetic acid. 
The nonvolatile reducing substances are useful in calculating nonsugar solids. 

The permanganate or oxidation number, usually reported as milliliters of 0.01 N 
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permanganate required to oxidize the distillate from 100 ml. of sample in 30 minutes, 
is a measure of volatile reducing substances, chiefly acetylmethylearbinol (8-hydroxy- 
2-butanone), CH;COCHOHCH;,, formed during fermentation and not present in 
synthetic acetic acid. The volatile reducing substances expressed as invert sugar 
range from 0.1 to 0.84 g./100 ml. in cider vinegar. The permanganate number as a 
measure of the content of volatile carbonyl compounds, unsaturated organic acids, 
and secondary alcohols is discussed in detail by Saruno (16a). Recent data on acetyl- 
methylearbinol content of vinegar are given by Doro and Sadini (7a). 

The strength of vinegar (the concentration of acetic acid) was expressed histori- 
cally in terms of the grains of sodium bicarbonate neutralized by one fluid ounce wine 
measure of vinegar, and in the early vinegar testers this was measured by the volume 
of carbon dioxide gas evolved from excess of sodium. bicarbonate treated with a meas- 
ured volume of vinegar. The original grain strength multiplied by 0.1565 gave the 
concentration of acid as acetic acid in grams per 100 cu.cem. Although the term ‘‘grain 
strength” is still commonly used to express the concentration of the acetic acid in a 
vinegar, one-grain vinegar is defined now as containing 0.1 g. of acetic acid in 100 ml. 
at 20°C. The present grain strength is thus ten times the acetic acid content. 
A vinegar meeting the legal minimum of 4 g. acetic acid per 100 cu. em. would be of 40 
grain strength in comparison with the old standard of 25.6 grain strength, 


Manufacture 


ALCOHOLIC FERMENTATION 

The conversion of the sugars in fruit juices or other sugar-containing media, or of 
cereal starch after enzymic or acid hydrolysis into sugar, to acetic acid is carried out 
in two stages. In the first stage the sugars are fermented to alcohol through the 
agency of enzymes of yeast. In this alcoholic fermentation sugar is converted chiefly 
into ethyl alcohol and carbon dioxide, part of the sugar is assimilated by the yeast cells, 
and part is transformed into glycerol, acetaldehyde, lactic acid, and so on. The suc- 
cinic acid that accumulates in the alcoholic fermentation is derived largely from carbon 
dioxide and oxalacetic acid, the higher alcohols from the amino acids, and 2,3~butylene 
glycol (2,3-butanediol) from acetaldehyde. According to the Gay-Lussac equation 
(5): 

CeHi2Os = 2 CO. + 2 CZH,OH 


1 g. of glucose should yield 0.5114 g. of alcohol. The yield of alcohol is usually 
only about 85-90% of the stoichiometrical yield, but recent experiments with five 
strains of compressed bakers’ yeast and five strains of brewers’ yeast and pure D- 
glucose gave fermentation efficiencies of 88-94%. The fermentation efficiency, the 
ratio of the amount of alcohol obtained from the weight of sugar fermented to the theo- 
retical yield, was found to be greater with proliferating yeasts than with resting cells, 
and actively fermenting yeast gave a slight but significant increase in fermentation 
efficiency. To obtain optimum yields of alcohol and to prevent undesirable changes in 
quality as a result of coutamination with undesirable species of yeast and bacteria, the 
fermentation is conducted at a temperature of 75~-80°F., with a starter of a selected 
strain of Saccharomyces cerevisiae, and in the presence of the minimum amount of sulfur 
dioxide. The raw material used is prepared for alcoholic fermentation by conversion 
of starches into fermentable sugars and extraction of these sugars, expression of juice 
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from products such as fresh fruits, and dilution of honeys, sirups, or dried fruits with 
water. The fermentable sugar content of the product is adjusted to not less than 8% 
nor over 20%. Where necessary, potassium, phosphate, and ammonium salts are 
added, as for example with honey, which is low in these originally and whose content 
of these is further reduced by the dilution necessary for fermentation. Ammonium 
and potassium phosphates are not required in the fermentation of crushed grapes and 
prape juice or with apple juice. Apple juice usually ranges from 10 to 15% in sugar 
content, but. it may be as low as 6.5%, particularly when expressed from peels and cores. 
Apple juice of low sugar content should be blended with juice of higher sugar content 
to obtain vinegar of 50-60 grain strength. Concentrated apple juice may be used as 
blending stock for juices low in sugar content and also for the production of higher 
strength cider vinegar. To facilitate the fermentation of apple juice concentrated 
by vacuum evaporation it is necessary to add ammonium phosphate, particularly ati 
lower fermentation temperatures. 

The alcoholic fermentation is conducted usually in two stages: the primary 
stage, which normally lasts from 3 to 7 days, during which the bulk of the sugar is 
converted into alcoliol, and the subsequent slower and legs active fermentation, which 
extends over a period of several weeks, The primary fermentation is usually con- 
ducted in open fermenting vats with cooling coils or external coolers to facilitate con- 
trol of temperature and to follow the course of fermentation by periodic determination 
of Brix degree. The secondary fermentation is conducted in closed fermentors to 
prevent spoiling by aerobic yeasts and acetic acid bacteria. Sulfur dioxide as liquid 
sulfur dioxide or as sodium or potassium metabisulfite is added to the apple juice or 
other sugar-containing medium at the start of fermentation and before addition of the 
yeast starter to inhibit the growth and activity of undesirable yeasts and bacteria. 
An initial level of 50-100 mg. of sulfur dioxide per liter is sufficient. Although it is 
possible to convert fermented fruit juices containing up to a total of 100 p.p.m. of 
sulfur dioxide, it is better to keep the total and free sulfur dioxide content to 50 p.p.m. 
or less. When the aleoholic fermentation is completed, the yeast cells and other sus- 
pended material settle and the clarified wine is separated from the sediment by racking 
(drawing off). This stock may then be stored for additional aging or used directly 
for acetification, 

Usually only apple juice is fermented by vinegar producers; grape and other fruit 
wine is purchased from wineries, beer and fermented malt from breweries or yeast 
plants, and distilled alcohol from distilleries. Fermented apple juice, and wine used 
for vinegar stock, are usually denatured by addition of sufficient strong vinegar to bring 
the acetic acid content to 1% in order to facilitate storage and to avoid payment of 
internal revenue wine tax. Alcohol for vinegar stock is also denatured with acetic 
acid, The added acetic acid also serves to protect the vinegar stock against spoilage 
by lactic acid bacteria if it is to be stored. Small quantities of sulfur dioxide may be 
used for this purpose also if the final sulfur dioxide content after fermentation is low 
enough to permit this without exceeding the concentration toxic to acetic acid bacteria 
used in converting this stock into vinegar. The vinegar stock should be low in re- 
ducing sugar content, preferably below 0.3%. 


ACETIC FERMENTATION 
The conversion of alcohol to acetic acid according to the overall reaction: 
C.H;OH + OQ, ——> CH,GOOH + H,0 
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is catalyzed by enzymes secreted by species of Acetobacter. It requires oxygen and, 
like the alcoholic fermentation, is exothermic. Theoretically | g. of alcohol should 
yield 1.304 g. of acetic acid, but in practice | g. of acetic acid is obtained, and only under 
exceptioual circumstances is a yield of 1.1 g. attained. Thus, although a fermentation 
efficiency of 90% can be attained in the alcoholic fermentation (7,23), a fermentation 
efficiency of 77-84% is attained in the acetification process, with fruit vinegars. With 
distilled vinegars higher efficiencies can be attamed industrially. Thus, Allgeier 
et al. (1), in pilot plant vinegar generators, obtained fermentation efficiencies on the 
basis of alcohol in the charge (denatured alcohol containing ethyl acetate), varying 
from 79.8 to 90.8%, when the water used in dilution of aleohol was varied. With the 
best water supply used, fermentation efficiencies of 85-90% were obtained. If the 
conversion of sugar into alcohol is 90% of the theoretical and the conversion of alcohol 
into acetic acid is 80% of the theoretical, apple juice used for vinegar production must 
contain not less than 8.382 g. of fermentable hexose per 100 ml. to yield a vinegar 
meeting the legal limit of 4 g. of acetic acid per 100 cu.cm. at 20°C. 

The vinegar stock for the production of 40 grain strength table cider vinegar is 
adjusted to an alcohol content of not less than 3 g. of aleohol and 1 g. of acetic acid 
per 100 ml. For the production of distilled vinegar of 100 grain strength the stock 
is adjusted to about 10.5% aleohol by volume and 1% acetic acid. Allgeier et al. (1), 
using 190-proof alcohol dituted with water to 9 g. of alcohol per 100 ml. of fluid, ob- 
tained vinegar of 9.9-10.6 g. of acetic acid per 100 ml. High-strength apple and wine 
vinegars can be made from stock of 10% alcohol and 1% acetic acid content by the 
generator process. The apple vinegar stock is adjusted either by dilution with water or 
blending of several stocks of high and low aleohol content. Wine is diluted with water 
to the desired alcohol strength and adjusted as to acetic acid content by addition of 
strong vinegar. To meet the present standards of identity the acetic acid content of a 
particular vinegar stock must be derived from vinegar prepared previously from similar 
stock; that is, cider vinegar cannot be added to wine or wine vinegar to apple cider 
stock. The distilled vinegar stock must be fortified with added growth stimulants to 
promote acetification, and, when necessary, similar preparations may be added to 
cider or wine vinegar stock. 

Until recently the growth stimulants required by Acetobacter were not known, and 
several empirically developed nutrient mixtures distributed under trade names such as 
Aceto-pep were used at the rate of 2-3 lb./100 gal. of vinegar stock. These nutrients 
usually contain inorganic salts and malt or yeast extract. Allgeier ef al. (1) reported 
that a filtered fermented solution of a diluted malt concentrate added at the rate of 
1% by volume was quite satisfactory for the acetic fermentation of solutions of de- 
natured alcohol. The nutritional requirements of several species of Acetobacter are 
now known (8,15a,16), but this knowledge has not yet been applied to the selection of 
the best growth and activity stimulants in vinegar production. Rao and Stokes (16) 
reported recently that, although Acetobacter suboxydans and A. melanogenum cannot 
grow in chemically defined media with ethyl alcohol as the sole source of carbon, they 
will develop when small amounts of yeast autolyzate, liver extract, or peptone are 
added to the medium. The growth-promoting activity of these biological materials is 
believed by these authors to be due to the reducing sugars and related substances 
which they contain.. Small amounts of glucose, fructose, mannitol, and glycerol 
were substituted successfully for yeast autolyzate. : 

Recent investigations in Belgium (reported in Food Engineering, 27, No. 2, 175 
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(1955)) indicate that, in laboratory generators charged with becchwood shavings 
and inoculated with Acetobacter xylinum, glucose, but not maltose, sucrose or invert 
sugar, is required for maximum acetification. The concentrations of glucose and 
other nutrients for optimum acetification, per liter, were: glucose, 0.5-0.7 g.; 
ammonium, 20 mg.; phosphate, 120 mg.; magnesium, 5 mg.; potassium, 15 mg. 
In commercial generators the addition of glucose did not increase the rate of acetifica- 
tion but did increase the yield of acetic acid and reduced carbon dioxide formation. 
The requirement of the other nutrients was coutirmed. 

A number of varieties of Aceéobacter are described in the literature, but the par- 
ticular species and strain possessing the characteristics desired for vinegar production 
in the quick vinegar process now generally used had uot been isolated until very re- 
cently. Pure cultures of the several species of Acetobacter that have heen isolated 
previously from vinegar do not have the desired characteristies, and vinegar generators 
as yet are not inoculated with pure cultures. A suitable quantity of unpasteurized 
vinegar obtained from a generator in satisfactory production is used to start a new 
generator. 

Owing to difficulties encountered in culturing Acelobacter from operating gen- 
erators, the bacteria actually active in acetic acid production have not been isolated 
and the changes in bacteria] flora and bacterial activity during vinegar production un- 
der industrial conditions, witil very recently, were still unknown. Shimwell (18) 
recently succeeded in isolating a pure culture of the “true working bacteria” in a vine- 
gar acetifier and has described its morphological, cultural, and physiological charac- 
teristics. Tle considers this strain as belonging to the “mesoxydans” group of fratem’s 
classification. The pure culture was used successfully in making spirit, malt, and wine 
vinegars and was found to retain its acid tolerance and other desirable properties on 
prolonged subeultivation. The pure culttwe, unlike the mixed flora of wiknown na- 
ture, gave a faster rate of acetification, gave a more uniform product, and resulted in 
elimination of undesirable coutaminants. 

The dehydrogenation of ethyl aleohol to acetic acid hy the endocellular alcohol 
dehydrogenase of Acetobacter is greatly influenced in rate and extent by the species 
and strain of predominant bacteria and by the environmental conditions under which 
this conversion is allowed to occur. The concentration of bacterial cells relative to 
the volume of vinegar stock being converted, the method of controlling the dilfusional 
operations involved in the mass trausfer of the vinegar stock to the bacterial surface 
and of removal of the vinegar formed, the method of supplying the concentration of 
oxygen required for this oxidation, the temperature at which the oxidation occurs, and 
the composition of the vinegar stock markedly affect the rate, extent, and efficiency 
of acetification. 

At the present time most commercial vinegar is produced by the generator proc- 
ess, in which the vinegar stock is pumped into specially devised distributors from 
which it is uniformly sprayed over the surface of an inert porous medium or packing 
material at the surface of which it is oxidized by the bacterial enzymes. The stock 
flows from the packing by gravity into receiving tanks from which it is recycled. The 
rate and extent of acetification in these generators are controlled by the rate of flow of 
the vinegar in the recycling process, the type and concentration of nutrients present or 
added, the overall size of the generator (alcohol conversion usually is slower in smaller 
generators), the extent of aeration, and the temperature. The slower acetification 
which occurs in the Pasteur modification of the Orleans process, in which a specially 
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constructed wooden grating is placed at the surface of the liquid in partly filled barrels 
or in shallow tanks to support the film of vinegar bacteria, is still used in Europe for 
wine vinegar production but has not been used extensively in the U.S. even for wine 
vinegar production. At one time it was believed that the generator process could not 
be used for the production of red wine vinegar because of excessive oxidation of 
anthrocyanin pigments, but by proper control of temperature and aeration this diffi- 
culty has been overcome. 

Thedesignand operation of vinegar generators have been hased largely on empirical 
observations, rather than on scientific studies of the mass transfer operations involved 
in the conversion of alcohol into acetic acid, the factors influencing the efficiency of the 
oxidation process, and the production of vinegar of improved aroma and stability. 
The manufacture of vinegar is very ancient in origin and, as Bitting (4) pointed out, 
very little change in vinegar production occurred from the first complete description 
of vinegar production by Olivier de Serres in 1616 until the first development of the 
quick (generator) process by Schiitzenbach in 1823. Schiitzenbach provided ventilat- 
ing holes near the bottom of the large tank used to hold the stock, which was distrib~ 
uted over the packing materia] for the purpose of obtaining a greater supply of air. 
Gravity flow was used for the liquid trickling down the packing material and for the 
air flowing up the tank. Bitting (4) presented a synopsis of the U.S. patents issued on 
various modifications of the generator process from 1849 to 1929. No important ad- 
vance was made in the generator design, however, until Frings introduced his aire 
tight generator in 1932 (7,9,11,14,19,24). In this generator cooling coils are provided 
in the collection chamber at the bottom for temperature control, and the oxygen sup- 
ply is controlled by a damper located at a vent pipe at the top of the tank and by the 
number and size of air inlets at the lower part of the generator. The rate of flow of the 
stock through the generator is controlled by the rate of pumping of the vinegar stock 
from the collection chamber to the sprayer or distributing arm at the top of the gener- 
ator packing. This generator has since been improved by installation of air blowers 
to control supply and distribution of air, better distribution of stock over the entire 
volume of packing, and improved temperature controllers, Automatic control of air 
and liquid flow and temperature was introduced in 1989 (15), Aside from patents, 
few data have been published on the operation of vineyvar generators until that re- 
ported by Allgeier e¢ al. (1) and Hromatka and Ebner (18). Hromatka and Ebner 
(18) investigated the oxygen requirements of Acetobacler on becchwood shavings ancl 
found that the oxygen uptake was linear with time at more than 12% of oxygen in the 
gas phase, but the rate of oxygen uptake dropped at lower partial pressures and reached 
zero at 4.5% of oxygen in the gas phase. Pure oxygen was not found to be harmful 
in generator fermentation but was harmful in submerged fermentation. 

Frings Generator. The Frings generator consists of an airtight tank usually 14 
ft. in diameter and 15 ft. high. Inside the tank ncar the bottom is a wooden grating, 
and near the top is the sprayer or distributing arm. At the top a 4-in, vent with a 
damper connected to a tile exhaust or a vapor-liquid separator serves to control the air 
supply, Air enters the generator through 10 air intakes, containing air filters, located 
around the tank near the level of the wooden grate. Tubular cooling coils are located 
at the bottom of the tank in the collection chamber, and these are connected by a cen- 
trifugal pump to a feed line supplying the sprayer. The generator is packed with 
beechwood shavings, supported by the wooden grating, wp to about 1.5 ft. from the top 
_ of the generator. The vinegar stock or mix is allowed to circulate repeatedly through 
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the beechwood shavings until vinegar of the desired strength has been obtained. The 
cycle time in such a generator for distilled vinegar is usually 3-5 days in a good opera- 
tion for a mix containing 9 g. of alcohol per 100 ml. of feed. In the Frings-type pilot 
plant vinegar gencrator used by Allgeier eé al. (1952), in which the cycle time was 
deliberately increased to 7 days by decreasing nutrients slightly in order to allow one 
operator to carry out the experimental work, the rate of liquid flow was 12 gal. /hr,/100 
cu.ft. of packing, and the rate of air flow was 55 cu-ft./hr./100 cu.ft. of packing when 
the operating temperature was approximately 85°F. The feed temperature was 
adjusted to 28°C., the average temperature at the upper level of the generator was 
29°C. and at the lower end 30-32°C. Under these conditions the rate of production 
of acetic acid was 11 lb./24 hr./100 cuft. In a large Frings generator a 2500-gal. 
batch of mix containing 10.5% ethyl aleohol, 1% acetic acid, and 7 lb. of Aceto-pep 
requires 3-5 days to reach 10.5% acetic acid. In comparison the production of cider 
vinegar is assumed to be 0.2-0.3 gal. of 6% vinegar in 24 hr. per cubic foot of packing. 

Theoretically 1 gal. of vinegar stock containing 11% alcohol by volume would 
require about 28 cu.ft. of air for oxidation of alcohol to acetic acid and would generate 
about 3300 B.t.u. Ina closed generator such as the Frings the heat evolved in this 
oxidation would rapidly raise the temperature considerably above the desirable range 
of 80-90°F, Actually much more than the stoichiometric amount of air is required in 
the process and an adequate supply of cooling water must be supplied for the required 
temperature control. 

Inrecirculating generators,even when inoculated with the desired flora by the use of 
carefully selected raw vinegar, difficulty is experienced with wine or cider vinegar owing 
to sliming caused by the development of the so-called ‘‘mother of vinegar,” actually 
exocellular bacterial cellulose which encapsulates the bacterial cells. 

Plugging of Frings-type generators may result also owing to slime formation oc- 
curring when the nutrients are not balanced properly. This sliming occurs more fre~ 
quently when beechwood shavings are used as packing, but even with coke packing 
sliming occurs in 6-12 months of use, necessitating repacking. Slime formation is 
considerably decreased as the acetic acid content of the finished vinegar is increased, so 
that, with cider or wine vinegar stock containing sufficient alcohol to produce 10% 
vinegar, sliming occurs less frequently. Distilled-vinegar generators will operate in- 
definitely without being plugged with cellulose slime formed by Acetobacter when main- 
tained in proper balance with nutrients under optimum conditions for normal operation. 
In the generation of lower-strength cider or wine vinegars the generators are packed 
with coke, rattan bundles, or corn cobs. When the generator becomes so plugged as 
to be uneconomical to operate, the packing is removed and thoroughly cleaned. 

Beechwood shavings, properly curled, provide a good surface for growth and ac- 
tivity of Acetobacter species and are sufficiently inert and porous to allow for good 
operation of generators. They are, however, more expensive and more difficult to 
clean when plugged with slime. ; 

Although beechwood shavings are the preferred packing for modern generators of 
the circulating type, the type of packing has varied considerably. Often the most 
readily available or cheapest packing obtainable in a given district has been used, such 
as coke, pumice, rattan, grape and other twigs, and corn cobs. Crushed coke, size 
graded to remove fine particles and dust, is a cheaper substitute, is more inert and easily 
cleaned, but is difficult to wash free of acid-soluble iron and copper salts. Metallic 
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contamination is undesirable not only because it renders the vinegar more susceptible 
to formation of hazes and deposits but also because it affects the acetification process. 
Allgeier et al. (1) reported that lead, copper, iron, zinc, and tin, when present in. the 
vinegar at levels of 10, 15, 50, 100, and over 100 p.p.m., respectively, were toxic to 
vinegar bacteria and caused decrease in efficiency of conversion of ethyl alcohol to 
acetic acid, accompanied in most cases by a corresponding rise in residual alcohol. 

Allgeter e¢ al. (1) have recently reported comparative data on the performance of 
generators packed with beechwood shavings, coke, rattan, and Berl saddles. Surface 
area and impurities in coke were found to be limiting factors. Removal of impurities 
by acid washing, increasing the surfaceby using smaller pieces (14 to 14 in. in diameter), 
and. proper addition of nutrients to facilitate growth and adherence of bacteria to the 
surface increased the operating efficiency of the coke-packed generator from 76 to 98% 
of that obtained with beechwood shavings. A higher concentration and a different 
type of nutrient were required with coke than with beechwood packing. The coke- 
packed generator responded markedly to yeast autolyzate—steep water mixture. 
With specially prepared rattan, yeast autolyzate also produced marked improvement 
in operating efficiency. The nutrient requirements were found to change with type 
of packing, special nutrients being required by packings deficient in extent of surface 
or by packings with surfaces not readily coated with bacteria. 

Submerged Fermentation. Hromatka (12) recently described a new process for 
conversion of alcohol to.acetic acid by submerged fermentation under continued 
aeration. In the submerged fermentation Acelobacter are suspended in aleohol me- 
dium in a stainless steel tank provided with aerator and cooler. Very small bubbles of 
air, such as those formed by Jena 6-4 porous sinter plate, are allowed to pass continu- 
ally through all of the alcoholic medium, as the bacteria must be in contact with 
oxygen at all times. If they are deprived of air for more than 15 seconds they are 
killed. In submerged fermentation pure oxygen or 60% oxygen and 40% nitrogen 
are harmful. Theoretical yields of acetic acid were obtained and the conversion was 
more completely controlled than in the generator process. Since the supporting me- 
dium occupies a considerable proportion of the space in the usual generator, a much 
smaller tank can be used in submerged fermentation. This process has not as yet 
been applied commercially in the U.8., but, in view of the successful application of 
submerged fermentation in other industrial fermentation processes, it should prove 
useful, 

Vinegar Eels. Vinegar eels (Angwilla acetz), which may infest vinegar, are 
usually considered undesirable and are generally removed from the finished vinegar by 
pasteurization and filtration. These “eels” are nematodes which are usually about 
1¢gin. long. They can be readily observed with ahand lens. Zalkan and Fabian (25), 
however, have observed that many industrial vinegar generators are infested with 
these eels with no apparent detriment to the opcration, They investigated the effect 
of vinegar eels on acid production in pilot plant vinegar production and observed 
higher acetic acid production and greater efficiencies of conversion in generators con- 
taining vinegar eels. This effect was particularly evident when the diluted aleohol 
was fortified. with phosphates or with phosphate and nitrate or ammonium chloride. 
They suggested that the vinegar eels act as scavengers to keep the beechwood shavings 
free of dead vinegar bacteria and also supply more readily available nutrients to the 
bacteria. 
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PREPARATION FOR MARKET 

The freshly made vinegar usually is harsh in flavor and odor, not brilliantly clear, 
and unstable. lt is prepared for markeling by aging, and is fillered and clarified, 
blended and stabilized, and bottled. Vinegar for manufacturing use is shipped in 
wooden barrels, casks, or tank cars and trucks, 

Aging. Cider, wine, malt, and distélled vinegar to be bottled for retail distribution 
as condiment vinegar is pumped from the generator receiving tank into storage con- 
tainers for aging, During aging and storage the vinegar should be protected against 
excessive ueration or exposure to air, as this favors growth of acetic acid bacteria, 
formation of mother of vinegar, and loss of acetic acid by oxidation. 

Distilled vinegar, particularly wheu used for manufacturing, usually is not aged, 
and is marketed ag produced. The generator-produced distilled vinegar may be used 
as a source of acetic acid (q.v.) for industrial use as well as for food vinegar uses. 
Clean, sound cooperage, treated to prevent absorption of off flavors, is used for storage, 
which may extend for several weeks or months. Distilled vinegar to be used in mann- 
facture is stored only for clarification treatment. The storage period required to pro- 
duce a mellow smooth vinegar varies with the source of vinegar stock, the conditions 
of acetification, and the size and type of storage containers. During storage residual 
ethyl alcohol is esterified by acetic acid and other organic acids. Other chemical 
changes, still ill defined, also take place. The storage containers must be kept well 
filled to avoid oxidation of acetic acid by vinegar bacteria to carbon dioxide and water, 
which ean oecur with vinegars of 6% acetic acid content and lower, ‘The final flavor 
obtained is determined by the type of vinegar stock used and the conditions of acetifi- 
cation and storage, The flavor of distilled vinegar is markedly influenced by the type 
of denaturant added to distilled high-proof alcohol (1) and the type of water used in 
diluting the alcohol (1,24). Allgeier ef al. (1) obtained distilled vinegars of best 
aroma from denatured alcohol containing specially selected still fractions. The 
flavor of wine vinegar can be improved by addition of small amounts of aged dry wine. 
The herb-and-spice-flavored vinegars are carefully compounded and aged to obtain 
more desirable and more stable flavors. 

Filtration and Clarification. The aged vinegars or the freshly prepared vinegars 
are filtered clear either before or after clarification and metal removal. Cider and 
particularly wine vinegars usually contain excessive amounts of iron and copper im- 
purities picked up largely from the packing material in the generator (particularly 
from coke) and from contact with metal surfaces during fermentation and subsecnent 
handling. High iron content will lead to formation of suspended forric phosphate 
and ferric tannate colloids and to unsightly deposits of these. High copper content 
will lead to formation of insoluble copper colloids. The formation of metallic hazes 
will not occur in absence of proteins and other colloids; they may be removed from 
vinegar by fining, that is, adding an agent such as bentonite or sodium alginate be- 
fore filtration. The concentration of iron and copper is reduced by treatment with 
potassium ferrocyanide (blue-fining) or with specially prepared adsorplion compounds 
of potassium ferrocyanide (Cufex is a fining agent prepared from ferrous ferrocy- 
anide, potassium ferrocyanide, citrate, and bentonite), When properly used so that, 
no residual ferrocyanide remains, blue-fining is quite satisfactory. Bentonite and other 
finmg agents may be used either before or after blue-fining. The clarified and 
metal-stabilized vinegar must be protected against contamination with heavy metals 
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during the final filtration and filling operations. Filtration is used also in reducing 
the bacterial population and in removing vinegar eels if present. 

Sterilization and Packaging. Pasteurization, addition of small amounts of 
sulfites, and sterile filtration are used to protect the clarified and filtered vinegar 
against spoilage by growth of cellulose synthesizing acetic acid bacteria. The tem- 
perature and time of pasteurization vary with the extent of infection and conditions 
of filling. In hot-filling into small containers, the vinegar is brought to 150-160°F., 
filled hot, sealed, and allowed to cool at air temperature after inversion to sterilize 
the neck and cap. Vinegar may be pasteurized in bulk by heating to 150°F., holding 
for 80 minutes, and cooling to 100°F. before filling into large containers. Sulfur 
dioxide may be used to inhibit growth of vinegar bacteria, and also stabiltze the vinegar 
against oxidative deterioration in color and flavor, but the quantities added should 
be small (usually not over 50 p.p.m.) to avoid effect on aroma and favor, Contamiua- 
tion with metals (particularly iron and copper) and excessive aeration should be 
avoided in the final filtration and filling operations. Hard rubber, stainless steel, and 
glass materials are used in fabrication of pumps, fillers, closing machines, and only 
chemically inert materials are used in fabricating containers and closures. 


Economic Aspects 


Very few data on the production and use of vinegar in the U.S. are available. 
The eatly data published in the Census of Manufacture by the U.S. Bureau of the 
Census give only the value of the total vinegar produced at the plant and value added 
in manufacture. The value at the plant was $9,800,000 in 1923, $13,000,000 in 1939, 
and $33,500,000 in 1947. The annual production of fermented vinegar in 1939 
amounted to 61,056,000 gal.; of distilled vinegar, 45,984,000 gal.; and of vinegar stock, 
cider and semifinished vinegar, 12,618,000 gal. In 1947 there were produced in com- 
mercial vinegar plants 39,850,000 gal. of 40 grain fermented vinegar; 40,899,000 gal. 
of 100 grain distilled vinegar; 7,9-.8,000 gal, of vinegar stock and semifinished vinegar; 
and 11,629,000 gal. of straight cider. 

The U.S. pack of vinegar in glass containers averaged 4.5 million cases during 
1941-50, and 5.9 million cases during 1946-50. The largest annual pack during the 
last decade was in 1944, when 7.0 million cases were packed; in 1951 a little over 6.0 
million cases were produced, and this dropped to 5.5 million cases (24 lh. per case) in 
1952 and 1958, according to statistical data summarized in the statistical review and 
yearbook number of Western Canner and Packer. 
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VINYLACETYLENE, Cl,.:CHC:CH. See Rubber, synthetic, Vol. 11, p. 854. 
VINYLATION. See Reppe chemistry, Vol. 11, p. 649. 
N-VINYLCARBAZOLE, Cy,H;NCH:CHk. See Reppe chemistry, Vol. 11, p. 656. 


VINYL COMPOUNDS, RESINS, AND PLASTICS 


Vinyl acetate. . van seaeeee Pe 686 Polyvinyl alcohol.. ................. pe TLO 
Vinyl acetate ; monomer rund other Polyvinyl acetals,............. 02... 716 
vinyl esters... _ tee 686 . 
Polyvinyl acetate solid resins, 691 Vinyl chloride......... 6. .-.... 0.08, 723 
Polyvinyl acetate cmulsions...,.. 699 Vinylidene chloride ................, 736 


Tor vinylation with acetylene and for many other vinyl compounds such as 
vinyl ethers, see Reppe chemistry; for vinylbenzene, see Styrene, Acrylic compounds 
are discussed under Aerylic and methacrylic acids; Acrylic resins and plastics; and 
Acrylonttrile. See also Textile fibers (acrylic and vinyl), Vol. 13, p. 824. 


VINYL ACETATE 
Vinyl Acetate Monomer and Other Vinyl Esters 


Vinyl acetate, CH2:CHOOCCHa, formula weight 86.09, is a colorless, mobile, 
flammable liquid with a characteristic sharp but not unpleasant odor. Its vapor has 
an irritating effect upon the eyes probably due to its hydrolysis to acetic acid and 
acetaldehyde. 

Vinyl acetate was first mentioned in 1912 by Klatte as a by-product obtained 
in the preparation of ethylidene diacetate (1,1-cthanediol diacetate, CHsCH(OOC- 
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CHs)2) by direct combination of acetic acid and acetylene in the presence of a mercury 


salt. 


Substituted vinyl esters had been prepared earlier by Semmler, and Wohl and 


Mylo, and the latter must have encountered vinyl acetate and failed to recognize it, 
although they suggest a preparation from a-haloaldehydes. 

Vinyl acetate is chiefly used in the preparation of polymers, copolymers, and 
resins derived from its polymers such as polyvinyl aleohol and the polyvinyl acetals. 
It also finds some use in the synthesis of drugs and as an acetylating agent. 

As of 1954 production in the U.S. (16) and Canada was estimated to be in excess 


of 100 million pounds per year. 


The monomer sells for 16-17 eents per pound (19). 


There is also a substantial production in England, Germany, France, Italy, Switzer- 


land, and Japan. 


PROPERTIES 
A number of properties of vinyl acetate are given in Table I. 


TABLE I. Some Physical Preperties of Vinyl Acetate. 





Value 





Property 

B.p., °C 
M.p., °C. 

20 

30 
a? 

20 
Np 


Viscosity at 20°C., centipoises 
Vapor pressure at 20°C., mm. Hg 


Crit. temp., °C. 

Crit, pressure, atm. 

Surface tension at 20°C., dynes/sq.cm. 

Parachor 

Dipole moment (Af X 108) 

Sp, heat (vapor at J atm., p = 1) (10) 

Flash point (Cleveland open cup), °C, 

Autoignition temp., °C. 

Latent heat of vaporization, kg.-cal./mole 

Heat of formation from acetylene and acetic 
acid, kg.-cal./mole 

Heat of combustion, kg.-cal,/mole 

Heat of polymerization, kg.-cal./mole 


72-73 (14,17,28) 

100.2 (9) 

0.9342 (17), 0.9354 (5) 
0.9812 (11) 
1,3956-1.3958 (5,17,28) - 
0.432 (17), 0.4213 (28) 


.0522 443% 
90 (17), logie Pim. = — 0.08 3X 34433 


228.9 (14) 

22.4 (39) 

23.95 (11,21) 

205 (11) 

1.75 (13) 

Cp = 22.5 (20°C.); 27.3 (100°C.) 
—5 (17), —1 (2) 

427 (2,23) 

7.8 (17), 8.21 (14) 

AH = —28.3 (17) 





-F 8.091 (14) 


496 (17) 
21.3 (8,13) 





Vinyl acetate is soluble in water to the extent of 2.5 g./100 g. water at 20°C. (17) 


and 2,1 g./100 g. water at 50°C. (20). 
of 0.1 g./100 g. vinyl acetate at 20°C. and 1.7 g./100 g. vinyl acetate at 66°C. 


Water is soluble in vinyl acetate to the extent 
The 


equilibrium diagram of solubility for the system vinyl acetate-acetic acid-water is 
given in reference (25) and for the system vinyl acetate-acetone-water in reference 
(26). The boiling point of the constant-boiling mixture of vinyl acetate and water 
(93.5% by weight of vinyl acetate) is 66°C.; .of vinyl acetate and toluene (96% by 
weight of vinyl acetate) is 72.6°C.; and of vinyl acetate and methanol (60% by weight 
of vinyl acetate) is 59.8°C. 

The ultraviolet (7) and infrared (1,3) absorption spectra and the Raman spectrum 
(30) for vinyl acetate have been determined. 

LDy of vinyl acetate for rats is 0.3 g./kg. (27). 
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REACTIONS 


The most important reaction of vinyl acetate is its ready polymerization in the 
presence of peroxide or other catalysts, although it shows little tendency to polymerize 
in the absence of catalysts and light. By this reaction it is the parent of polyvinyl 
acetate, polyvinyl aleohol, and polyvinyl acetals. 

Vinyl acetale is hydrolyzed with dilute acid or alkali yielding acetic acid (or the 
corresponding salt: when alkali is used) and acetaldehyde. The rate of hydrolysis, A, 
as caleulated from log 1/(1 — «) = 2.34%, where x is the fraction of vinyl acetate 
hydrolyzed and {is the time in minutes, is 0.3 at 25°C., 2.3 at GO°C., and 7.8 at 80°C. 
Monomerie vinyl alcohol, the enol of acetaldehyde (q.v.), which might have been 
expected as one of the products of hydrolysis, has never been isolated. 

The ease with which vinyl acetate yields acetic acid and the volatility of acetal- 
dehyde make vinyl! acetate a canvenient acetylating agent for alcohols, for example 
n-butyl acetate is readily prepared by heating x mixture of vinyl acetate (containing 
a cupric salt as polymerization inhibitor), and n-butyl alcohol with traces of sulfuric 
acid and continuously removing the acetaldehyde by means of an efficient column (24), 

Chlorine or bromine adds readily to give the 1,2-dihaloethyl avetate, which can be 
distilled under reduced pressure without decomposition. Hydrogen chlorite or hydro- 
gen bromide adds readily and quantitatively at low temperatures to give the |-halo- 
ethyl acetate (17). 

Ozone reacts readily yielding ozonides which are very explosive when dry (17). 

Vinyl acetate is said to condense with acetaldehyde (15) forming acetals; with 
phenol to give o-vinylphenol (4), or at a high temperature phenyl acetate (13). On 
warming with acetic acid in the presence of sulfuric acid ethylidene diacetate is formed, 
which at higher temperatures decomposes to yield acetic anhydride and acetaldehyde. 

Vinyl acetate may be used for preparation of higher-boiling vinyl esters by means 
of an interchange reaction if treated with the acid of the desired ester and the mercuric 
salt of a strong acid (1). 


MANUFACTURE 


Liquid Phase (17). This older commercial proeess is by the reaction of acebylene 
with acetic acid at about 80°C. in the presence of mercury salts of sulfuric or acetyl 
sulfuric acid. By using a large excess of acetylene the vinyl acctate is removed as 
fast as it is formed and recovered by condensation. The excess acetylene is recycled, 
and the vinyl! acetate purified by distillation. 

Vapor Phase. This process (82) has almost replaced the older process of manu- 
facture, Gaseous acetic acid and acetylene are passed through churcoal impregnated 
with cadmium or zine salts in a reactor held at around 200°C. A large excess of acetyl- 
ence is used. 

Corrosion-resistant iron or stainless steel are preferred for the construction of all 
apparatus. Copper may be used up to the vapor line in stills, but beyond this point 
it must be replaced by stainless steel, Storage tanks may be stainless steel, aluminum, 
or steel. ’ 

Many other vinyl esters have been made by this process and their properties 
studied (see Table IT). Very few have found any commercial use by themselves. 
Vinyl formate polymerizes readily, yielding a resin somewhat like polyvinyl acetate 
but which proved to be too readily hydrolyzed in water. Vinyl monochloroacetate 
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found a small market in Germany in the form of its polymer (Mowilith G) but few of 
its properties were superior to those of the cheaper polyvinyl acetate. Vinyl crotouate 
and vinyl benzoate have been described in German Literature but do not uppear to be 
available in commercial quantities in North America, Vinyl stearate is being manu- 
factured in small quantities in the U.S., its chief use being in the preparation of vinyl 
acetate copolymers. 


TABLE IL. Miscellaneous Vinyl Esters. 





Tegter Bup., °C. 





Refractive index, an Sp.gr. 
Vinyl abietate 200: 2259-7 (34,36,37) —- 1.0379° (0) 
2301 (6) 1.5378 (6) 
Diviny! adipate 118; (1) 
Viny! acetylsalicylate L183 (34,36,37) 
Vinyl acrylate 94 (-£1) 
Vinyl benzoate RO} 100-1012, (1) 1.52590" (1) 1.07063 
Vinyl! butyrate 116.5 1.411 0. 899-133 
Vinyl campholale 78-79, (39) 
Vinyl enproate 166 (3-£,36,37) 
Vinyl caprylate G4ye LBS a9" 1.42715" 0.87102" 
Vinyl o-chlorobenzoate 15 (12), mp. —21 L.B440R 
Vinyl p-chlorobenzoate 122 (12), m.p. +49.5 
Vinyl crofonate 133 1.450 0.94107 
4hie 
255 G 
Viny! diethylncctate 147 (22) 
Vinyl formate t4 
Viny! isobutyrate 101 
Vinyl lactate 50-605 
Vinyl lnurate 123, (34,36,37) 1.48863" (1) 0.87703 (1) 
Vinyl linoleate 170-2005 (34,356,287) 
Vinyl methoxyaceiate 3812 (38) 
Vinyl methacrylate L715 (40) 
Vinyl p-methoxybenzoute 140g (12), m.p. 58 
Vinyl monochlororcetate 185 1.44145 1. 19083 
Vinyl myricate L505 (34,36,37) 
1-Vinyl naphthoate 1505 (81,36,37) 
2-Vinyl naphthoate 1584 (84,36,37) 
Vinyl oetyl phthalate 138-1425.91 1.4979, 1.01% 
Vinyl oleate 173s (34,36,37) 1.4538 (1) 84912 (29) 
Viny! palmitate 152 (84,36,37) 
Vinyl phenylacetate 88-90, (34,36,37) 
Vinyl p-phenylbenzoate 1095.5 (12), m.p. 51 
Vinyl propionate 9% 
Vinyl salicylate 97-03, (18), m.p. 82-33(18) 1.898% (18) 
Vinyl stearate 1672, mp. 80-82 (1) 1.44239 0.85174 (1) 
Vinyl! trimethylacetate 10949 (22) 1.1068 (1) 0.885% (1) 
Vinyl 3,5,5-trimethylhexanoate 85-O5e0~26' 1.42267" (1) 
Vinyl thiolacetate 12! (35) 1.4892 1.01863 
Vinyl m-toluate 102), (12) 1.5246 
Vinyl p-toluate 1031.8 (12) 1, 5268 
Vinyl valerate 134 (1,34,36,87) 





Stabilization. During refining, shipping, and storage, polymerization inhibitors 
are added as stabilizers, Usually these must be removed by distillation before use, 
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but large shipments are made in which the stabilizer is present in amounts that do 
not require removal for polymerization reactions. The most common stabilizers are: 
copper acetate, copper resinate, diphenylamine, hydroquinone, or sulfur. The 
amount used varies between 0.01% and 0.5% based on the weight of vinyl acetate. 

Shipping Instructions. Vinyl acetate, being a flammable volatile liquid, comes 
under the Interstate Commerce Commission Tariff #9. This calls for steel drums 
with a “red label’? (keep from fire) or steel tanks with “dangerous” placards. All 
shipments are stabilized. Special regulations may apply for shipments through 
tropical zones. 


ANALYSIS 


The per cent vinyl acetale in a sample is determined by adding bromine water to 
the sample in an acetic acid—-water solution until a slight yellow color persists. The 
excess bromine is titrated by adding potassitm iodide, and determining the liberated 
iodine with 0.1 NV thiosulfate. A blank on the bromine water is run at the same time. 

The per cent acid in 2 vinyl acetate sample is determined by titrating the free acid 
in an ice-cold aqueous solution of the sample. The acetaldehyde content is determined 
by adding sufficient 0.1 NV’ iodine solution to water containing starch indicator to de- 
velop a blue color. A small amonnt of approximately | N sodium bisulfite is added 
followed by an aliquot of the vinyl acetate. After shaking and standing for a short, 
period of time, the excess bisulfite is titrated with 0.1 MV iodine solution. A blank on 
the bisulfite should be made at the same time as the analysis. Waler is determined hy 
the Karl Fischer reagent (24). 
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T. P. G. Saaw 


Polyvinyl Acetate Solid Resins 


The polymerization of vinyl acetate, CH;COOCH-=CEh, to a solid resinous body 
was first mentioned by Klatte and Rollett (30,31) in 1913. Little interest was shown, 
aside from some fundamental studies by Staudinger and his students (25), until a 
serious attempt at commercial development of the polymer was started by Shawinigan 
Chemicals Ltd. in Canada in 1925. Commercial production began in 1929 and by 
1953 had reached between 75 and 95 million pounds in the U.S. (17), including that 
used in the production of polyvinyl acetals, polyvinyl alcohol, and emulsions. Pro- 
duction in Europe, Canada, and Japan would probably equal this figure. 


PROPERTIES ° 
The structure of these polymers is best represented hy: 
pene 
| CHCOO |, 
The polymers vary with increasing values of from, viscous liquids through low-melting 
solids to tough horny materials. They are neutral, water-white to straw-colored, 
tasteless, odorless, and nontoxic. 
The resins are graded by the viscosity in centipoises of a solution of 86 g. resin 
made up to 1 liter with benzene and measured at 20°C. This designation is generally 


used in North America. In Europe, the Fikentscher “K” value is in more common 
use. The relationship isshown below: 


Fikentscher “IC” value...... 20 30 40 50 60 70 80 90 
Grade viscosity. ........-.. 2.6 5.8 12,5 28.5 78 225 880 4000 


The resins have no sharply defined melting point but become softer as the temperature 
is raised, The standard grades with a softening point determined by the K.&8. (1) 
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or ring and ball (2) method and the molecular weight by the osmotic method are given 
in Table I. 


TABLE I. Softening Points and Molecular Weights of Commercial Polyvinyl Acetates. 





Softening point, °C, 








om Approximate 
Grade viscosity K&S. R&B. molecular weight 

1.5 65 75 10,000 
2.5 gl a0 15,000 

7 106 116 33 , 000 

15 131 139 60,000 

25 153 163 100,000 

45 180 _ 135,000 

60 196 —_ 155,000 
145 _ _ 225 , 000 

500-1000 _ — 400 , 000-600, 000 





Many of the physical properties of the polyvinyl! acetates are almost independent 
of the viscosity grade and, unless otherwise noted, this is true of those given in Table IT. 


TABLE If. Physical Properties of Polyvinyl Acetaies, 











~ Property ‘Value - 
Density 
At 20°C. eens 1.19 
AG BO ccc cette etcetera 1.16 
AG 120. eee eee LiL 
At Q00. ec ccc cece eee ene 1.05 
MY cece cette teeter nett n nen ene 1.467 
MD ccc ccc deen ee pee tte te te etn eset eenens 1, 448 
Water absorption (A.S.T.M. 48-lir. test), %......... 2 
Transition temp. (second-order), °C.............0-0- 30-34 (15) 
Tensile strength, Pad... . eee ees 5,000 
Thermal coefficient of linear expansion, per °C....... 8.6 X 107 (7) 
Thermal conductivity, cal./(aee.)(sq. em,)(°C./em.). . 38 x 10 
Bp. heat oo. eee penne 0.389 
Heat distortion point °C........0.0.0...0.. 00 eee 50 
Burning rate... 0... eee nen es Very slow 
Dielectric strength, volts/mil 
At BO°C. cect cee ene nes 1,000 
At BO... ccc ere eens 780 
Dipole moment, Debye umits...............0..0405 1.85 (8) 
Electrical properties (18) 
Troquency Dielectric constant Power factor 
At 30°C, 60 cycles 3 0.01-0.02 
At 60 60 eyeles 6 0.07 
At 20 1 ke, 3.15 0,025 
100 ke. 3.09 0.028 
1 Mge. 3.06 0.03 
10 Mee. 3.02 0.025 








Solvents that will dissolve 20% or more of their weight of resin at. room tempera- 
ture are: acetic acid or anhydride, benzyl] alcohol, diacetone alcohol, 95% ethyl aleo- 
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hol, methanol, acetaldehyde, paraldehyde, furfural, aniline, pyridine, carbon tetra- 
chloride, chlorobenzene, chloroform, dichloroethylene, trichloroethylene, n-butyl] ace- 
tate, ethyl acetate, isopropyl acetate, Cellosolve, dioxane, methyl Cellosolve, benzene, 
toluene, acetone, methyl ethyl ketone, nitrobenzene, nitromethane, liquid sulfur di- 
oxide, and pine oil. 

Nonsolvents are: aliphatic hydrocarbons, fats, waxes, glycols, turpentine, xylene, 
water, ether, carbon disulfide, and glycerol. 1-Butanol and xylenc are solvents at 
higher temperatures. 

Tack temperatures are (14): grade 7, 49°C.; grade 15, 68°; grade 25, 66°, 

The permeability to saturated water vapor at 40°C. is 0.021 g./hr./100 sq. em. 
per mil of film thickness; to hydrogen (22), 3-13 1./24 hr./sq. m. at 1 atm. pressure. 

Polyvinyl acetates are compatible with Aroclors; many Bakelite BR and XR. 
resins; Beckacite 1001 and 1003; Bola-Bold; dewaxed dammar; elemi; Hercose 
AP or C; Nevillac; Neville R-27; Nevindene R-17; nitrocellulose; some Rezyls, 
rosin; Santolite K, MHP, and MS; Vinsol; and yacca when dissolved in mutual 
_ solvents. 

Plasticizers may be incorporated in solution or by hot mixing on roll mills. A 
few of the most. effective plasticizers are dibutyl phthalate; Flexol 83GO, 4GO, or 
3GH; Santicizer B16, M17, and 115; and Thiokol TP9OB. They are used to in- 
cercase the flexibility of the compound, reduce its softening point, or increase the tacki- 
ness, 

The adhesion of polyviny] acetate to woad, glass, and various metals is in the order 
of 1,000-1,700 p.s.i. at 25°C. (23). The abrasion resistance and scratch hardness are 
about twice those of a film from oleoresinous clear varnishes (23). 

Stability. Polyvinyl acetate resins are unaffected by sunlight or air. Ultra- 
violet, light quickly produces a slight surface change which renders the film opaque to 
wave lengths below 3200 A. The polymer shows no visible discoloration. 

When heated above room temperature all viscosity grades become very flexible 
and limp at 50°C. They will stand hours of heating at 125°C. without change, but at 
150°C. will gradually darken in color, and at over 225°C. will liberate acetic acid 
forming a brown insoluble resin which in turn will carbonize at a much higher tempera- 
ture. On cooling below room temperature, polyvinyl acctates all become brittle at 
10-15°C. The brittle point may be lowered somewhat by plastification. 

Ageing qualities are excellent duc to its resistance to oxidation and inertness to 
the effects of ultraviolet light. 

Reactions. Being polyesters, these resins are easily saponified or hydrolyzed in 
alcoholic solution to polyvinyl alcohol (24). The polymers are quite resistant to 
dilute alkali (aqueous), acids, or salts; chlorine, sulfur dioxide, or hydrogen sulfide 
gases (20). 

Concentrated hydrochlorie acid dissolves the polymers at ordinary temperatures 
causing hydrolysis to polyvinyl alcohol and acetic acid. This is the basis for a process 
for manufacture of polyvinyl formal (29). Concentrated sulfuric acid causes charring, 
and concentrated nitric acid oxidizes it to oxalic acid aud other products with the evolu- 
tion of nitric oxide. 


MANUFACTURE 
The preparation of polyviny! acetate and its manufacture may be divided into 
three main types of process: bulk, solution, and bead polymerization of the monomer. 
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Generally, the polymerization is a typical free radical chain reaction yielding macro- 
molecules. The reaction is catalyzed by peroxides or light of definite wave lengths 
(for example, mercury are), Although the polymers are essentially straight chains, 
a small amount of branching between chains does occur (3,24). This is more pro- 
nounced with the higher-molecular-weight polymers and in the bead process for poly- 
merization. The breakdown of these crosslinkages is the reason why the reacetylation 
of a polyvinyl alcohol gives a lower-grade viscosity polyvinyl acetate than the original 
polyvinyl acetate from which it was made (8). It is also the cause of the small amount 
of insoluble, gelled particles often found in polyvinyl! acetate solutions. 

Bulk Polymerization. In bulk polymerizations using a batch process only small 
amounts of monomer may be safely handled. If carried out under nitrogen in light 
at room temperature the reaction is slow. If the polymerization is initiated by per- 
oxides the reaction may reach almost explosive violence. The degree of polymerization 
may be controlled by additions of chain terminators such as acetaldehyde. 

A continuous polymerization process used commercially in Germany is fully 
described by Dunlop and Reese (9), The process was suitable for ouly the lowest- 
viscosity grades and gave trouble due to fouling of the apparatus with high viscosity 
or insoluble resin. 

Solution Polymerization. A mixture of vinyl acetate (60 volumes) and benzene 
(40 volumes) or other solvent is fed to a jacketed stirred kettle fitted with a reflux 
condenser. About 0.2% (on the vinyl acetate) of a peroxide catalyst (benzoyl per- 
oxide, lauroyl peroxide, or acetyl peroxide in solution in benzene or vinyl acetate) is 
added, and the temperature is raised until a gentle reflux is obtained. After 3 hours, 
about 70% of the vinyl acetate will have polymerized and the run is transferred to 
another kettle where the solvent and unreacted viny! acetate are recovered by steam 
distillation at 60-80 lb. pressure. ‘The wet polymer, which contains about 15% water, 
is dried. For drying, the lower viscosity grades (1.5-7) may be run on to trays and 
dried in a vacuum tray dryer. The higher grades may be extruded into rods (19), 
which are cut into fakes and dried at 50°C. in warm air, crushed, blended for uniform- 
ity of grade, and packed in fiber drums, or multiwall paper bags. 

Dunlop and Reese describe a German continuous process in some detail which is 
said to operate satisfactorily (9). 

The molecular weight of the polymer obtained is dependent on a number of factors 
(3,24), for example, concentration of the monomer, temperature, type of solvent, 
concentration of catalyst, type of catalyst, and the addition of various chain transfer 
agents to stop the growth of individual chains. For production of a given viscosity 
grade exact control of these factors is necessary. 

Bead Polymerization. Vinyl acetate may be polymerized in aqueous dispersion 
to give a product in the form of beads or pearls, the size of which is subject to control. 
This process has the advantage over solution polymerization of easy temperature 
control and absence of expensive solvents. Very high-molecular-weight polymers can 
be obtained and virtually complete polymerization of the monomer is possible. How- 
ever because of a greater tendency to branching and eventual cross linking of the chains 
in this process, it is often preferable to stop the polymerization at 70-80%. This proc- 
ess differs from the emulsion process chiefly in the size of the particles produced. The 
larger particles are obtained by using # much smaller amount of protective colloid 
and carefully balancing the proportion of colloid and wetting agent. 

A typical run (10) is made by charging 800 parts by weight of water and 0.8 
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part dispersing agent (polystyrene—-maleic acid copolymer sodium salt) to the jacketed, 
stirred reactor. The temperature is raised to 80°C., then 600 parts monomer with 
5.4 parts benzoyl peroxide and 8 parts ethyl acetate are added in about 114 hours. 
After about half the monomer has been added, the reaction becomes quite vigorous 
and the run must be cooled to hold the temperature at 80°C. The monomer rate is 
controlled so that there is a gradual rise to 85°C. as the last of the monomer is added. 
The temperature is finally raised to 98°C., then the kettle is vented and blown with 
air to remove any unreacted monomer. The batch is discharged to a cooling vessel, 
where it is cooled, using first water then brine on the jacket, to 4°C., centrifuged, 
washed with water at 5°C., and dried in a tray dryer for 40 hours at 25-80°C. This 
procedure produces a resin of about 25-grade viscosity. 

The size of bead produced depends on speed of stirring, nature and amount of 
dispersing agent, proportion of wetting agent if any is used, temperature of reaction 
(35), and monomer-water ratio. Polyvinyl alcohol-acetate (20% acetate content) 
is commonly used as the dispersing agent, although hydroxyethyl] cellulose and car- 
boxymethyl cellulose have been employed. Sticking together of the beads on drying 
is prevented by a thin coating of glyceryl monostearate (Darvan 1), waxes, or calcium 
stearate. 

The equipment for reactors and piping may be aluminum, although most manu- 
facturers prefer glass-lined polymerization kettles because less fouling with insoluble 
polymer is encountered. Copper should be used for storing wet solvent—vinyl acetate 
mixtures, but dry solvent mixtures may be stored in iron or aluminum. 

Methods of Analysis. Viscosity. The sample is dried at 100°C. for 1 hour, then 
8.6 g. of resin is dissolved in benzene and made up to 100 ml. The viscosity in centi- 
poises at 20°C. is determined in an Ostwald viscometer. 

Motsture Content, This may be determined by dissolving a weighed sample in 
dry methanol and determining the water content by the Karl Fischer method (12). 
Water may also be determined using A.S.T.M, D95 apparatus by distilling the water 
from a 25-¢. sample of resin with toluene. 

Insolubles, A 50-g. sample is placed in a thimble made of 60-mesh screen and 
submerged in ethyl acetate at room temperature for 24 hours. It is then removed 
and washed in fresh ethyl acctate for 1 hour, dried at 105°C., and weighed. The gain 
in weight of the thimble is calenlated to per cent as insolubles. 

Specifications, Trade names. The resins are supplied either in solution in suitable 
organic solvents or as solids. The solids may be in the form of beads, granules, or, 
in the lower grades, large blocks. They are packed in fiber drums or multiwall paper 
bags, which should be stored in a cool place to prevent caking of the product. Typical 
specifications are: 


Acidity as seetie acid... ee Less than 0.1% 

VISCOBIEY 0 cette teens Normal grade + 10% 
Moisture... 00.0 ett ee Less than 2.25% 

06) C0) Water-white to pale-straw 
Tnaolubles (not for bead types)...... 0.00... 0c eee eee Less than 0.38% 


They are supplied in North, America under the following trade names (most of the 
companies supply a mumber of different viscosity grades): Bakelite vinyl acetate 
resins (Bakelite Co.), Beech~Nut resins (Beech-Nut Packing Co,), Elvacet (Du Pont), 
Gelva (Shawinigan Chemicals Ltd. and Shawinigan Resins Corp.), Lemac and Polyco 
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(Borden Co.), Resyn (National Starch Products, Inc.), Vinac and Vinacol (Colton 
Chemical Co.). 

In Europe there are the following trade names: Mowilith (farbwerke Hoechst 
AG), Novy! and Novylol (Société Nobel Frangaise), Rhodopas (Société des usines 
chimiques Rhéne-Poulenc), Texilac (Scott. Bader and Co. Ltd.), Vinalak (Viny! Prod- 
uets Ltd.), Vinavil (Rhodiatoce §.p.A.), Vinnapas (Wacker-Chemie GMBH), Vipol 
(Lonza). 


USS 


Polyvinyl acetate is used largely in adhesives and the manufacture of polyviny! 
acetals (q.v.) and polyvinyl alcoho! (7.v.), but it also finds some applications in molding 
of records and filled objects or ornaments, lacquers, lamination of textiles, proservation 
of fruit and cggs, and surgical dressings. 

Adhesives. Solution adhesives for labels on textiles may be mace according to the 
following recipe: 


Appt. oc. ce ete ee 56.8 ULS. gal. 
Di-n-butyl phthalate......,.00......0...022.00.. 0.95 TLS. gal. 
Viscosity grade 15 polymer... .......00.2.00 00,55 450 Ib. 


Hot-melt adhesives eliminate the use of solvents and have many advantages over 
solutions in bonding speed and cost. They are applied in the molten condition and 
may be bonded while in this state or by remelting at a later time. ‘These adhesives 
are much used for luninating metal foils to paper. A formula suitable for use with 
cellophane, paper, or aluminum foil consists of: 


Dien-butyl phthalate...... 0... eee eee) EO Th. 
ROSIN eee ee ees 12 Yb. 
Viscosity grade 7 polymer................2..0-+. 78 Tb. 


This is mixed at 150°C. and may he applied at 125°C, 

Tape or Film. Polyvinyl acetate film may be formed by drawing a suitably 
plasticized melt of viscosity grade (5 polymer to the proper thickness. The film is 
quickly cooled, slit, and rolled with paper between the layers of resin. Such tape is 
largely used for joinmg breaks In paper m mills and printmg plants. A similar film 
is used for mounting photographs and generally as a heat-sealable adhesive film, 

Coatings (sce Vol. 4, p. 180), Low-viscosity polymers may be compounded with 
Santolite resins (Monsanto Chemical Co.) and stearic acid for use in the molten 
condition for greaseproofing and raising the transparency of paper. Higher-viscosity 
polymers must be used in solution for this purpose. 

High polymers are used in treating the liners in starchless collars. Thesc collars 
are made with a coarse liner coated with polyvinyl acetate solution and dried. This 
liner is laminated by ironing to the outer fine fabric (broadcloth). On laundering, 
the bond between the fine fabric and the liner breaks, permitting easy removal of 
dirt from the fine fabric, The bond is restored by ironing. 

Lacquers form a special class of coatings where the clarity and color stability of 
these resins makes them useful for decorative coatings, silver lacquers, and temporary 
finishes for the protection of copper or chrome doorways, etc., from plaster droppings 
during building construction. A lacquer coating strengthens a plaster mold and gives 
a better surface to the molding, The solutions make good carriers for metallic pig- 
ments, Clear lacquers have been recommended for the preservation of museum 
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artifacts (13), and are used in finishing straw hats because of their nonyellowing prop- 
erty. 

Fruit, vegetables, and eggs are preserved by coating with aleoholic polyviny] 
acetate solutions. ‘These resins are particularly suitable for surgical and medicinal 
preparations (26), x-ray shields, and plastic dressings. Coatings are also applied to 
flash bulbs to prevent the glass shattering. 

Molding. Because of the tendency for these resins to warp or show cold flow at 
moderate temperatures, they ave mixed with fibrous materials and other resins to 
improve their [orm stability. Novelties, trays, and phonograph records can he molded 
by compression or extrusion of such compounds. 

A formulation (23) used for extruded objects is: 


Viscosity grade 25 polyvinyl acetate. 0.000060 64 parts 
Yaeun (aceroides).. 000. = BQ parts 
Carmauba wax...) cece eee th parts 


Tine wood meal and/or cotton foek are mixed in to give the desired effect. 

Plastic wood may be considered a special type of molding compound applied by 
hand-forming; several formulations are given by Sohngen (82). 

Chewing Gum Base. The largest. proportion of the very low-viscosity grade 
polymers is used in chewing gums (sec Vol. 7, p. 388). Suitable bases are complex 
mixtures and are covered by patents (-4). 

Miscellaneous. These include printing inks, stiffeners for box toes for shoes, 
binders for asbestos paper, balloon fabrics, milk bottles aud other food packages. At 
one time there was a craze for the blowing of balloons from a concentrated polyvinyl 
acetate solution (16). 


VINYL ACETATE COPOLYMERS 


Tn an effort to improve some of the poorer properties of polyvinyl acetate (sueh 
as its low heat distortion point, high brittle point, and water absorption), copoly- 
merization of vinyl acetate with many other monomers has been tried. Bulk, solution, 
bead, or emulsion polymerization may be used. (For the copolymers of vinyl! acctate 
with vinyl chloride where the latter is the major constituent, see “Vinyl chloride,” 
p. 723.) 

A copolymer 70% vinyl acetate with 30% vinyl chloride sold in Germany (Ap- 
pretan) shows greatly improved water absorption and resistance to hydrolysis. Thisis 
used in paints for exterior work (4,5). Another commercial copolymer of 85% vinyl 
acetate with 15% vinyl benzoate, sold in Germany as Mowilith AB, is used as a water 
repellent for wrapping paper (5). 7 

Vinyl acetate copolymerized with 1-5% crotoni« acid (5,11,383) gives a product 
soluble in dilute ammonia or soditim carbonate aqueous solutions. It is used for tex- 
tile sizes, stiffening of felts, and adhesives (Appretan H, Mowilith CT-§). 

With maleic anhydride in equimolar proportions, the copolymer is also alkali- 
soluble and forms clear lacquer films from water which with plasticizers are relatively 
water-resistant (11). The polymerization of vinyl acetate with diethyl (or dimethyl) 
maleate followed by complete hydrolysis results in a crosslinked polyvinyl alcohol 
(11). Compounds of this type have potential uses as soil conditioners (6). See Vol. 
12, p. 631. 

Internally plasticized polymers are made using 70 paris viny! acetate, 30 parts 
n-butyl acrylate, or larger amounts of the lower acrylate esters (11,21). These show 
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higher and wider softening ranges and increased rubberiness. On controlled hydroly- 
sis, they yield a lactone structure which is swollen but insoluble in water while remain- 
ing soluble in organic solvents. 

Bthylenc-vinyl acetate copolymers have been the subject of a number of patents 
issued 10 Du Pont with claims that partial hydrolysis yields products insoluble in hot 
or cold water, with good low-temperature flexibility and toughness (27,28). These 
copolymers are said to have uses in adhesives coatings, films, and fabrics but do not 
appear to have reached the commercial stage yet. 

Although many other monomers may be copolymerized with vinyl acetate, no 
commercially useful products seem to have been obtained. Some monomers inhibit 
the polymerization of the vinyl acetate or may copolymerizc only in very limited ranges, 
In some eases where a monomer will not cepolymerize with vinyl acetate, addition of a 
third monomer males a ternary polymer possible. Thus, styrene and vinyl acetate 
may be copolymerized in the presence of acrylate esters, 
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Polyvinyl] Acetate Emulsions 


Polyvinyl acetate emulsions (also referred to ay dispersions or latexes) are the sus- 
pensions produced by the polymerization of vinyl acetate in water. They are used 
chiefly in the tields of adhesives (q.v.), paints (q¢.v.), textile finishes (see Textile tech- 
nology), and coatings (q.v.). 

Plauson (22) made the first polyvinyl acetate dispersion in Germany about 1929. 
Emulsions became available in the U.S. in 1938. Since then the use of the emulsion 
has grown rapidly until in 1952 about 25 million pounds of vinyl acetate was used for 
making emulsions in the U.S. alone, the price ranging from 18 to 24 cents per pound 
of emulsion. By far the greater portion of polyvinyl acetate resins is now sold in the 
form of emulsions. 

The emulsions are milk-white liquids containing about 55% polyviny! acetate, the 
balance being water, with small quantities of wetting agents and protective colloids. 
Their use eliminates the need for expensive, flammable, odorous, or toxic solvents, 
and for the recovery of such solvents. They are easy to apply, and the equipment is 
easy to clean with water, if done promptly. Emulsions also offer the advantage of 
high solids content with fluidity, since the viscosity of the emulsion is independent of 
the molecular weight of the resin. 

Tables I and IL give trade names and properties of many polyvinyl acetate dis- 
persions and vinyl acetate copolymer dispersions. 

In Europe, trade names for polyvinyl] acetate emulsions are: 


Calatac VA Imperial Chemical Industries Ltd. 
Eemultex Revertex Ltd. 
Mowilith D- Farbwerke Hoechst AG 
Novylol Société Nobel Francaise 
Polimul Dunlop Special Products 
RHC polyvinyl! acetate emulsion R. H. Cole & Co., Ltd. 
Emulsion Rhodopas Société des usines chimiques Rhéne-Poulene 
Texibond, Texicote, Texisize Beott Bader & Co. Ltd. 
Vinamul Vinyl Products Ltd. 
Vinavil Rhodiatoce 8.p.A. 
Vinnapas Dispersion Wacker-Chemie GMBH 
Vipolit Lonza Elektrizitiitswerke und Chemische 
Fabriken 
PROPERTIES 


The specific gravity at 20°C. for all the emulsions is about 1.1. They generally 
possess a slight odor of residual monomer but if this is removed, by some such means as 
air blowing, the emulsions are virtually without odor, The traces of acetic acid which 
are present can be neutralized with a base such as ammonia, sodium bicarbonate, or 
triethanolamine, and in cases where the free mortomer has been removed the pH of the 
resulting emulsion may be adjusted to remain constant at 7 or thereabouts. By the 
judicious selection of monomer concentration, protective colloid, emulsifying and wet- 
ting agents, method of polymerization and post-treatment, the properties can be varied. 
to suit the end use. Such properties include average particle size and particle size 
range, polymer molecular weight, pH, emulsion viscosity, particle charge, adhesion, 
speed of tack, solvent tolerance, film characteristics and water resistance, and stability 
to storage, to freezing, to dilution, to mechanical action and to compounding (3,12,15, 
17). Various resins, plasticizers, thickening agents, solvents, pigments, extenders, and 
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TABLE I. Commercial Polyvinyl Acetate Dispersions Manufactured in the U.S. and Canada in 1954. 








Maree or Total Viscosity, particle’ Particle 
Trade name suppliere Polymer description solits, % poises! size, @ charge 
Aerotex Resin 159 3 High molecular weight 55 3-6 [~2 - 
Alk-O-Mer 8016 I Suitable in washable 49-51 74 Be 0.1-0.3 0 
paints 
Alk-O-Mer 8030 1 Hard, clear film, high 54-56 35-50 B’ 1-2 0 
gloss 
Bakelite Vinyl Acetate 4 High-viscosity resin 55 15-25 BY — - 
Latex WC-130 
Beech-Nut Resin No, 5 Tough, clear films 55 10-15 BY ft - 
11-103 
Beech-Nut Resin No. a Preplasticized 55 10-15 B* 1 - 
EEP-108 
CRC Emulsion C 7 Adhesive grade 55 17-22 BY 0.8 av - 
CRC Emulsion D 7 Free-filming, water- 56 10-14 BY 0.6 av - 
resistunt 
CRC Emulsion F 7 Paint grade 55 4-8 B/ 0.9 av. _ 
CRC Emulsion F20 7 Plasticized paint grade 55 — 0.9 av. - 
CRC Emulsion F60 7 Plasticized paint grude 55 —_ 0.9 av. - 
CRC Emulsion K 7 Medium-viscosity resin 35 2-4 BS 0.2 av. _ 
Darex 86289 9 Borax-resistant 54-56 10-30 Bo 1 - 
Darex K52L 9 Medium molecular 54-56 3-6 Bo 2-3 - 
weight 
Darex X530 9° Very high molecular §4-56 3-6 Be 1 - 
weight 
Darex X56L 9 Similar to X58L, un- 54-56 3-6 Bo 1 — 
stripped of residual 
monomer 
Darex X59L 9 Medium molecular 54-56 10-12 Bo 0.5-5 _ 
weight 
Elvacet 80-900 10 Medium viscosity 55-57 8-10 BRB 1-3 - 
Elvacet 81-900 10 Medium viscosity 5A-A7 8-10 B 1-3 _ 
Elvacet 81-1600 10 Medium viscosity 55-57 16-17 BO o1-38 - 
Filaseal Resin 2 Medium viscosity 55 — — - 
Filaseal Resin F-20 2 Plasticized grade 55 — - 
Gelva Emulsion 8-55 16 Low molecular weight, 55 min. 11-13 B’ \-5 - 
crosslinked 
Gelva Emulsion TS-22 16 Medium viscosity 55 min, 3.5- 1-2 - 
6.5 Be 
Gelva Emulsion TS-30 16 Medium, viscosity 55 min, 12-14 Be 1-2 - 
Gelva Emulsion TS-35 16 Medium viscosity 55 min. 8-11 Be 1-3 - 
Gelva Emulsion TS-~41 16 Medium. viscosity 386 min, 2-4 Be <1 - 
Gelva Emulsion TS-63 16 Low viscosity 55 min. 10-15 Be 1-2 - 
Gelvatex 15a Same as CRC emulsions 
Griffco-22 11 Medium viscosity 55 min. 9-12 Be 1-3 0 
Griffco-33 11 Medium viscosity; 55 min. 15-20 Be 0,5-2 0 
water-resistant film 
Griffco-44 11 Medium viscosity; 55 min. 15-20 Be 05-2 Q 
borate- and phos- 
- phate-tolerant 
Merlon KR-1 12 Tough film; softensat 55 min. 9-11 Be 1 - 
91°C. 
Morlon ER-2 12 Pliable; softens at 55 min. 12-14 Be I - 
104°C, 
Merlon KR-3 12 Brittle; softens at 35 min, 2-4 Be 0.2 - 


104°C, 
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TABLE 1. Commercial Polyvinyl Acetate Dispersions Manufactured in the U.S, and Canada in 1954 








(Continued). 
Manufac- ee Range of ~~ 
tuver or Total Viscosity, particle Particle 
Trade name supplier” Polymer deseription solids, % poiges & size, p charge 

Merlon KR-4 12 Pliable; softens at 55 min. 10-15 Be 2-3 - 
85°C. 

Merlon KR-5 12 Brittle, hard resin 55 min. 5-8 Be 1.5-2 - 

Merlon KR-6 12 Low molecular weight 55 min. 9-12 Be 1-10 - 

Nopeo 1572-B 14 Softens below 90°C, BB 9-12 Be 1-3 _ 

Nopeo 1572-R 14 Heal seals at, 220- 55 9-12 Be 4-4 _ 
230°R. 

Norvan X52L, ete. 18 Identical with Darex — _ — 
series 

Polyco 117-FR 6 Freeze-thaw atable 55 9.5- 2-L0 0 
emulsion similar to 12 B* 
117-88 

Polyco 117-I 6 Medium particle size 55 10-15 B* 2-10 0 

Polyco 117-88 6 Stable to addition of 55 9. 5- 2-10 0 
water-soluble sol- 12 BA 
vents 

Polyco 288 6 High-viscosity emul- 56-57 33-37 B' 1-7 0 
sion 

Polyco 505 6 Clear, water-resistant 55 12-18 B* 1-5 0 
filins 

Polyco 522 6 High-temperature color 55 12-18 B’ 1-5 0 
stability and water 
resistance 

Polyeo 529 6 Deposits highly water- 55 15-20 4 1-5 0 
resistant films 

Polyco 570 6 Low-molecular-weight 35 20 B* 0.4-1.5 - 
emulsion 

Polyeo 577-G 6 Tlighly water-resistanl 66 10-20 B’ 0.4-1.5 0 

Polyco 612 6 Tigher-salids, fine- 60 10-20 BA 0.5-2 _ 
particle type 

Polyeo 836-24 G Ultra-fine-particle A5 2,2- < 0.5 - 
type; nonsettling 2,6 B* 
textile finish 

Polyeo 953-7A G Finc-particle type with 55 12.6- 0.5-2 - 
low settling rate 16 B* 

Polyco 1040-143 6 Fine-particle size 55 10-13 BA i-% 0 

Reayn 10K04 18 Medium molecular 55 25 8! <4 0 
weight 

Resyn 101C1 1 13 Standard adhesive base 56 20 8* 1-3 0 

Resyn 10K21 13 Solvent-tolerant 55 20 S* 1-3 0 
adhesive hase 

Resyn LOK25 13 Clear, tough, water- 55 25 SF <i] 0 
resistant 

Vinac HF 8 Heat-seals at 110~ 55 37-42 B’ 1 0 
120°C. ; 

Vinac P-100 8 Paint grade 57-58 6-9 B’ 0.5-1 0 

Vinac WR-20 8 Modified polyvinyl] 55 7-15 B 0.5-1 0 
acctate 

Vinac XX 8 Strong, clear, glossy 55 8-15B 1 0 
films 

Vinrez 101 17 Medium viscosity 55 min, 10-12 Be 0.5-1 0 





(Continued) 
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TABLE I. Commercial Polyvinyl] Acetate Dispersions Manufactured in the U.S. and Canada in 1954 








(Coneluded),. 
~ Mannufuc- _ Range af . 
turer or Total Viscosity, particle Particle 
Trade name supplier® Polyiner description solids, % poives & nize, yu charge 
Vinrez 202 17 Medium viscosity 55 min. 10-12 B* 1-4. 0 
Vinrez 202A 17 Medium viscosity 55 min. 12-15 B’ JI-4 0 
Vinrez 202H 17 High viscosity 55 min 18-23 Be 1-4 0 
Wooncolloid 19 — — — — 
Xyno Resin 362 15 Coarse-particle-size 55 — — 0 
emulsion for textiles 
Xyno Resin X99 15 Viscous dispersion of 50 — _ + 


coarse particle size 





” The numbers in this column refer to these companies: 
1, Alkydol Laboratories, Inc., 3242 South 50th Ave., Cicero 50, Ill. 
2, Amalgamated Chemical Corp., Rorer and Ontario Streets, Philadelphia 34, Pa. 
3. American Cyanamid Co., Textile Resin Dept., Bound Brook, N.J. 
y 4. Bakelite Co., Division of Union Carbide and Carbon Corp., 30 East 42nd 8t., New York 17, 
N.Y, 
5. Beech-Nut Packing Co., Canajoharie, N-Y. 
6. The Borden Co., Chemical Division, Polyeo Dept., 101 Foster St., Peabody, Mass.; in 
Canada, Polyresins Ltd., 184 Laird Drive, Toronto 17, Ontario. 
7. Canadian Resins and Chemicals Ltd., 600 Dorchester St. West, Montreal, Canada. 
on: The Colton Chemical Co., Division of Air Reduction Co., Inc., 1545 Hast 18th St., Cleveland 
14, Ohio. 
9. Dewey and Abny Chemical Co., Division of W. R. Grace and Co., Cambridge 40, Maas. 
10, E. 1. du Pont de Nemours and Co., Elecirochemicals Dept., Wilmington 98, Del. 
11. Griffin Chemical Co., 1000 16th St., San Franciseo 7, Calif. 
12, Monsanto Chemical Co., Plastics Division, Springfield 2, Mags. 
13. National Starch Products, Inc., Resin Division, 1700 West Front St., Plainfield, N.J. 
14, Nopco Chemical Co,, Harrison, N.J. 
15. Onyx Oil and Chemical Co., Warren and Morris Streets, Jersey City 2, N.J. 
16a. Shawinigan Chemicals Ltd., Shawinigan Bldg., Montreal, P.Q., Canada. 
16. Shawinigan Resins Corp., Springfield, Mass. 
17. Stein, Halland Co., Inc., 285 Madison Avenue, New Yor. 
18. R. T. Vanderbilt, Co., Ine., 230 Park Ave. New York 17, N.Y. 
19. Woonsocket Color and Chemical Co., Woonsocket, R.I. 
b Be Brookfield viscometer; § = Stormer viscometer. 
€ ] 
4 20°C,, No. 4 spindle, 60 r.p.m. 
« 25°C., No. 3 spindle, 380 r.p.m. 
f 20°C., No. 8 spindle, 20 r.p.m. 
* 25°C., No. 3 spindle, 60 v.p.m. 
*25°C., LV, No. 2 spindle, 12 rp.m. 
' pee standard paddle, 100 r.p.m., calibrated on standard liquids. 
j . 
® 24°C. 


some dyes may be added, but caution is necessary and it is advisable to adhere closely 
to the manufacturer’s directions, Plasticizers are often added to provide increased 
flexibility to the dried film, but it is unusual to incorporate these before making the 
final formulation since their presence may adversely affect stability, particularly in 
cald weather. 

When the emulsion is applied to a surface, water is lost by evaporation, and by 
absorption if the surface is porous. The particles stick together and eventually eoal- 
esce to form a tough, more or less clear, continuous coating. The clarity is often im- 
proved by the presence of plasticizer which also enhances the film's resistance to water. 
Films from most emulsions containing polyviny! alcohol as the protective colloid are 
hable to reemulsify on contact with water unless they contain relatively large quanti- 
ties of plasticizer or solvent. However, the hest adhesives stem from these poly- 
vinyl alcohol-containing emulsions, so that a compromise between bond strength and 
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TABLE II. Vinyl Acetate Copolymer Dispersions Manufactured in the U.S. in 1954. 











Manufac- Range of 
turer or Total Viscosity, particle Particle 
Trade name supplior® Polymer deseription solids, % poises®* size, p charge 
Beech-Nut Resin No. 5 Clear flexible film with 55 10-15 Be 1 - 
EC-108 high gloss, excellent 
water resistance 
Darex Everflex A 9 Clear, tough, perma- 44-54 10-12 Be <2 - 
nently flexible films 
Darex Everflex B 9 Softer, but otherwise 54-56 10-12 Bo <2 _ 
. similar to A 
Darex Everfiex G 9 Special scrub-resistant 50-52 3-6 Be <2 _ 
grade for water-hase 
paints 
Griffeo-55 mt Medium viscosity, 55 min. 15-20 B* 0.5-2 0 
clear; medium flex- 
ible 
Norvan G, ete. 18 Identical with Darex = — —_ — 
Tiverflex G, ete. 
Polyco 337-X8 6 Specially modified AO <4Ba  0.4-1.5 ~ 
emulsion for textile 
finishes 
Polyco 470 6 A self-euring Portland 60 12-18 BA’ 2-4 0 
cement additive 
Polyeo 507 6 Precatalyzed crosslink- 50-53 11-16 B* 2-10 0 
ing adhesive base 
Polyco 520 6 Highly crosslinking ad- 52-54 11-15 B4 2-10 0 


hesive base usec! with 
separate catalyst 

Polyco 517 6 Low ecrosvlinking ad- 43-55 11-15 B* 2-10 0 
hesive base used with 
separate catalyst 

Polyco 564 6 Medium erosslinking 55-57 17-25 B* 2-10 0 
adhesive base used 
with separate cata- 
lyst 

Resyn 12551 13 Internally plasticized, 55 23 8* <1 0 
clear, tough, flexible 

Resyn 145i 13 More polar, enhanced 51 30 8? 1-4 0 
adhesion 

Resyn 22K 11 13 Strong, water-resistant 45 6 <1 0 
binder 





* See Table I for footnotes. 


water resistance has often to be made. Emulsions containing gum arabic, hydroxy- 
ethyl] cellulose, or carboxymethyl! cellulose will film without addition of plasticizer or 
solvent. These films do not reemulsify under water but do whiten somewhat, clearing 
again as they dry out. This whitening, which is due largely to the presence of the 
water-sensitive colloids and wetting agents, decreases on successive cycles of wetting 
aud drying, as the water-sensitive ingredients are leached. 

Polyviny! acetate emulsion films have good adhesion to most surfaces, and good 
binding capacity for pigments and fillers, Plasticized films have good strength and 
flexibility at ordinary temperatures. ‘Lhe films are unaffected by light, oxygen, chlo- 
rine in moderation, and dilute solutions of acid, alkali, and salts. The films are also 
inert. to oils, fats, waxes, and greases, tuiless these are largely aromatic in character. 
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Solvents such as acelone, aleohol, ethyl acetate, benzene, and toluene will dissolve or, 
at any rate, swell the film. An important property of a polyvinyl acetate film is its 
permeability to water vapor. This allows the film to he laid down on a damp surface, 
the trapped moisture gradually passing through the film without lifting or blistering. 


MANUPACTURE 

Polyvinyl acetate emulsions can he prepared by batch, by delayed monomer 
addition, or by continuous processes, 

Batch Process. Monomeric vinyl acetate is udded to an aqueous solution of the 
protective colloid with good stirring. The resulting mixture, which comprises small 
droplets of monomer suspended in the aqueous medinm, is heated under reflux with a 
catalyst until polymerization is virtually complete (23). The reaction is exothermic 
but may be easily controlled. The particle size under these conditions is velatively 
large (8-6 4) but can be reduced to some extent by using 0.1-0.5% of a surface- 
active agent, usually anionic or nonionie. Water-soluble catalysts such as hydrogen 
peroxide or peroxysulfate are suitable. With catalysts which are soluble in the oil 
phase (benzoy! or Jauroyl peroxide), bulk polymerization of the monomer droplets 
takes place and quite coarse particles of the order of 100 g result, unless the stirring is 
very vigorous. The addition of thiourea or its derivatives will result in finer particles 
by inhibiting the bulk polymerization of the droplets. 

Delayed Addition Process. The delayed process is essentially « batch process, 
but ouly about 10% of the monomer and all the stabilizers and water are added at 
first to the kettle with 25-30% of the catalyst. The charge is stirred strongly and 
heated to 75-80°C., maintaining a slow reflux of monomer. The balance of the 
monomer and the remaining catalyst are added slowly to maintain «a reaction tem- 
perature of 78-80°C. After all the monomer is in, an extra amount of catalyst is 
added to finish the reaction, anc the temperature is slowly raised to 90°C. as the reflux 
disappears (24). The residual monomer may then be removed by blowing with air or 
by distillation. 

Delayed addition enulsions are particularly suitable for outdoor paints and other 
coatings because of the small particle size (0.2-1.5 y), frec-filming properties, gloss, 
and low water sensitivity. The delayed addition processes employed at Hoechst and 
Burghausen in Germany have been described in detail (2,7,14). 

Continuous Process. This method has largely supplanted the batch process. 
Two or more kettles fitted with efficient stirrers are used (26). Catalyst, monomer, 
and the stabilizer solution are run separately into the first kettle held at '70-80°C., and 
the overflow runs to the second kettle heated to 80-90°C., where additional catalyst 
is metered in. The effluent from the first kettle contains particles of moderate size 
(1-3 u) while the residual monomer under the influence of the additional catalyst in 
the second kettle forms particles ranging from 0.2 to 1», The wide range of particle 
size in the finished emulsion (0.2-3.5 ») makes i, well suited for adhesive applications; 
the larger particles prevent excessive penetration into porous surfaces, while the smaller 
particles provide good packing. 

Shipping and Handling. Polyvinyl acetate emulsions should not be handled in 
mild steel or copper. Piping and tanks may be aluminum, stainless steel, plastic, 
rubber, wood, glass, or cnameled ware. Some of the special bronzes such as aluminum 
bronze may be used in centrifugal or gear-type pumps, which are preferred for use with 
emulsions. Dissimilar metals in contact should be avoided, as they may cause coagu- 
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lation. The emulsions are shipped in resin-lined steel drums, stainless steel tank cars 
or tank trucks. They should be protected from freezing and high temperatures 
(above 100°F.), and containers should be kept tightly closed to prevent the evaporation 
of water, which would result in the formation of sludge or skins (3,12,18). 


USES 

Adhesives. Polyviny] acetate emulsions have excellent adhesion to a wide 
varicty of materials, and adhesives based on these emulsions usually produce strong 
flexible bonds. Adhesives are of the wet-bond, heat-sealing, or pressure-sensitive 
types. The preparation of adhesives provided the largest outlet for polyvinyl acetate 
emulsions in 1954. 

In certain applications such as wood adhesives, unmodified emulsions may be 
unsatisfactory because of their tendency toward cold flow, their low resistance to heat 
(softening at 110-160°L.), auc also their low resistance to water or moisture, and to 
solvents such as alcohol, 

Cold flow (slip or creep under static load or continuous stress) is reduced by the 
addition of 0.1-15% on resin solids of a methyl vinyl ether-malcic anhydride eopoly- 
mer (88) or of urea-formaldehyde resins. The adhesive with urea-formaldehyde sets 
quickly at room temperatnres (28). A phenol-formaldehyde resin raises the softening 
point and solvent resistance (20). Inert fillers, such as wood flour, walnut-shell 
flour, and clay, raise the softening point slightly. Adhesion and heat stability are 
improved by the addition of up to 8% of high-viscosity polyvinyl! alcohol, which also 
reduces the weakcning effect of Fillers and increases [he working range by reducing the 
rate of evaporation of water. The period of dampness of the film may be extended by 
addition of ethylene glycol. The water resistance and heat-scaling temperature are 
raised by adding, just before use, dimethylolurea or trimethylolmelamine. Water 
resistance is also increased by the addition of various substances such as rosin extract 
(21), diacetin (82), hexylene glycol (27), 1,1-di-n-butyl- or 1,1-diethylurea (29), tri- 
ethylene glycol, dipropylene glycol, diethylene glycol mouobuty! (or diethyl) ether, 
succinic acid, butyramide, cthylene glycol monoethy! ether acetate, and benzamide (80). 
Polyvinyl acetate emulsions may be thickened with methyl cellulose, sodium carboxy- 
methyl cellulose, or polyvinyl! alcohol-acetate without affecting the transparency. 
Starch or dextrin may be used to improve the initial tack and thicken the adhesive, 
although the water resistance is lowered. 

For smooth nonabsorbent surfaces sich as metals, porcelain, mica, or stone, the 
adhesive should be applied to both surfaces and allowed to dry to a definite tack; the 
bond is then made by applying a slight pressure. 

The soft pressure-sensitive type of adhesive with lower bond strength is obtamed 
by adding 20% or more of a plasticizer such as dibutyl phthalate, and is used, for ex- 
ample, in cohesive gauze bandages. 

Among the advantages of wet-bond adhesives based on polyviny! acetate emul- 
sions, for porous materials such as paper, fiber, cloth, leather, cork, or wood, are their 
fast tack or rapid rate of setup, requiring short pressing and assembly times. They 
require no organic solvents, and are colorless, mold-resistant, and free from undesir- 
able odor. They offer uniformity of viscosity. They have good stability m storage 
and long working life, with no wastage of unused adhesive. They do not depend on 
heat or catalyst for curing. One of the most importairt uses of these adhesives is in the 
lamination or bonding of materials such as paper, cellulose acetate film, cellophane, 
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textiles, and aluminum foil to paper. Viscose warp is jomed to paper or plastic film as 
a nonwoven fabric (see Vol. 13, p. 865). Colorless, odorless, tasteless, and nontoxic 
adhesives are provided for waterproof food packages, milk cartons, paper cups, and 
drinking straws. Book-binding adhesives are another application, while the edges of 
stacked paper may be glued by “padding cements.”’ 

During the rubber shortage of World War IT, polyvinyl acetate emulsions were 
used as an extender or replacement for rubber latex adhesives in the manufacture ot 
shoes. Most of this market later returned to rubber adhesives because of their dry 
tack and greater resilience, but the resin emulsions are still preferred in some leather 
adhesive applications. 

The good binding power of polyvinyl acetate emulsions makes them suitable for 
the manufacture of reconstituted leather, which is made by binding together leather 
scrap with these emulsions and rolling ito a tough sheet. This material is suit- 
able for gaskets, floor coverings, insulation, and sole or heel stock. In a similar 
manner ground cork, sawdust, waste paper, asbestos, or vermiculite may be bound and 
compressed into useful articles such as floor coverings, toys, and mannequins (1). 
Emulsions have also proved satisfactory foundry core binders (6). 

Paints. Paints based on water emulsions of polyvinyl acetate solutions were 
being developed in Canada in 1935, and the true polyvinyl acetate dispersign’ in 
England, Canada, and Germany about 1939. During and subsequent to the war years 
their use for both interior and exterior application was expanded until in 1953 about 15 
million pounds of vinyl acetate monomer was consumed in Europe in this field. In the 
U.S. and Canada, polyvinyl acetate latex paints reached commercial development for 
interior use about 1946 (18). 

It was not until 1950 that commercial production of exterior pamts based on poly- 
vinyl acetate emulsions was started. In 1952, 10 million pounds of emulsion was used 
in this application, and paints prepared from them are now well established as primers 
or sealers and as surface coatings over masonry, stucco, and concrete, 

Polyvinyl acetate emulsion paints form flexible, durable films with good adhesion 

to clean surfaces including wood, plaster, concrete, stone, brick, cinder blocks, asbestos 
board, asphalt, and tar, paper and wall boards, aluminum, and galvanized iron; 
adherence is also good on surfaces already painted if the surfaces are free from dirt, 
grease, and rust. Emulsion paints are easy to apply by spray gun, roller-coater, 
or brush. The paint may be thnmed with water, and brushes or coaters cleaned 
with soap and tepid water. There is 10 unpleasant odor, and no risk of fire or ex- 
plosion. The paint is usually dry to the touch in 20 minutes to 2 hours, and two coats 
may be applied the same day. 
_ Polyvinyl acetate paint films are stable in sunlight and ordinary temperatures, 
and do not oxidize or discolor. The films are resistant to oils, fats, greases, gasoline, 
and kerosene and are easy to clean by washing with soap and water. Stubborn grease 
marks can often be removed with kerosene or carbon tetrachloride. Ink stains can 
be bleached with Javelle water (a hypochlorite solution) without danger to the coating, 
pr ovided organie dyes susceptible to hypochlorite have not been incorporated into the 
formulation. Polyvinyl acetate emulsion films are permeable to water vapor and 
resistant to alkali, and paints may therefore be applied over relatively new plaster, 
stucco, or concrete without later blistering or peeling. The films may be formed over 
damp surfaces and, since they do not transmit liquid water, may be used to water- 
proof porous building surfaces. 
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Emulsions for paints are usually plasticized. A plasticizer such as dibutyl 
phthalate improves the gloss, tensile strength, and elongation of the paint film. 
Blends of esters, or Flexol 83GH or 4GO (Carbide and Carbon Chemicals Corp.), 
improve the low temperature flexibility and minimize loss of plasticizer due to evapora- 
tion aud migration. The latter fault does not appear to be as serious in practice as 
laboratory tests on migration would indicate. No failures attributable to this cause 
have been observed in paints applied to exterior walls on the West Coast after four 
years exposure. 

In preparing a paint, the plasticized polyvinyl acetate emulsion is usually added 
with constant stirring to an aqueous dispersion of the pigments. A thickener or stabi- 
lizer may be incorporated into the plasticized emulsion, the pigment dispersion or their 
mixtures. , 

Suitable white pigments are titanium dioxide and lithopone. Most standard 
colored pigments can be adapted to the polyvinyl acetate system, and several pigment 
manufacturers now have colored bases especially prepared for tinting purposes. Fillers 
or extenders include talc, mica, china clay, blanc fixe, whiting, and diatomite. The 
pigment may be dispersed in water by milling in a colloid or ball mill in the presence of 
a dispersing or wetting agent and a thickening agent. An antifoam agent such as 
tri-n-butyl phosphate (0.06%) may be used to break any foam produced during milling. 
Methyl cellulose is a common thickening agent, while others mentioned in the litera- 
ture include sodium carboxymethyl! cellulose, ammonium polymethacrylate, sodium 
silicate, and soy protein. 


TABLE Il. Typical Paint Formulations to Make 100 U.S. Gallons. 








Component . No. 1 No. 2 
Pigments, TiQs, ete. 250 lb. 126 lh. 
Lithopone —_ 161 
Fillers, barytes, mica 60 — 
Wetting agent 1.7 8.9 
Protective colloid 6.0 5.4 
Antifoam agent (tri-n-buty!] phosphate) 0.7 — 
Water . 419 350 
Solvent ' _ 33 
Polyvinyl] acetate emulsion 335 378 
Dibutyl phthalate 28 31 


Fotal 1,100 lb. 1,093 Ib. 








An alkyd resin with lead and cobalt naphthenates as driers is sometimes added 
to improve adhesion, stain removal, washability, or freeze-thaw stability (25,31). 
Various glycols (0.5-4°% by weight of total paint) will improve the brushing and 
leveling characteristics by increasing the drying time. Ammonium oleate, sodium 
benzoate (0.35%), or dicyclohexylamine nitrite (VPI) (0.02%) may be used as a rust 
inhibitor. 

Water-base paints should not be used directly over calcimine or water-soluble 
glue sizes, as these will partially dissolve and adversely uffect the leveling properties 
of the paint. Iron and steel should be primed with a rust-inhibiting coat, and it is 
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usually desirable to prime new unpainted wood as water may cause the grain to swell. 
Dry porous surfaces should be dampened with water or primed with polyvinyl acetate 
sealer or diluted emulsion to avoid uidue absorption which results in a chalky film. 

Polyvinyl acetate emulsion primer-sealers have good adhesion and “hold out;” 
that is, they will bridge pores and fine cracks to present an even surface for subsequent 
painting with oil, latex, or emulsion finishes. Since hiding power is of secondary im- 
portance, the primer-sealer may have a lower pigment loading than paint, ancl most; of 
the pigment can be of the filler type. There may be about 18% solid resin and 10- 
20% pigments in an average formulation. Some prefer as high as 30% extender pig- 
ments, and they tint the primer-sealer. 

Textile Finishing. Polyvinyl acetate emulsions find wide application as textile 
finishes because of their low cost and good adhesion to natural and synthetic fibers 
(see Teatile technology, Vol. 18, p. 884). 

In textile piece goods finishing, the dispersions diluted with water to 1-3% resin 
are most often used to obtain a stiff or crisp hand on woven cotton fabrics (5,11,12,16, 
19), Concentrations of 2-208 emulsion are recommended for bodying, stiffening, 
and bonding. Major applications include the stiffening of felts and the binding of non- 
woven fabrics, Finishes to improve the snag resistance and body or hand of rayon or 
nylon hosiery are based on polyvinyl acetate emulsions (5,10,16). A permaneut starch 
for household use is usually based on an emulsion of polyvinyl acetate or its copolymer 
with acrylic ester, diluted to about 10% solids. 

Polyvinyl acetate emulsions are used to prime-coat fabrics to improve adhesion of 
subsequent coatings, or to make them adhere better to plastic film. Plasticized emul- 
sions are applied, generally by roller-coating, to the backs of finished rugs and carpets 
to bind the tufts in place and to impart stiffness and handle. Tor upholstery fabrics 
woven from colored yarns, polyvinyl acetate emulsions may be used to bind the tufts 
of pile fabrics or to prevent slippage of synthetic yarns. 

Paper. Polyvinyl acetate emulsious added to paper by size press or calender 
application impart improved stiffness, grease resistanec, good color, and aging proper- 
ties (13). Polyvinyl acetate emulsions are used in Europe as a wallpaper coating to 
yield a high-quality, greaseproof, washable finish. In paper fishing the polyvinyl 
acetate emulsions make excellent binders for the clay coatings used to give the de- 
sired ink retention and printing qualitics. TWmulsion added to the pulp improves the 
dry strength of the paper. This has been carried on commercially in a few Huropean 
countries. Flexible paper board with good shock resistance is prepared from emulsion 
with up to 4% dibutyl phthalate. 

Coatings. Polyvinyl! acetate emulsions are used as surface coatings in the manu- 
facture of such articles as floor coverings and seat covers. During periods of searcity 
of linseed oil in Europe, emulsions have been used in the preparation of oilcloth sub- 
stitutes and artificial linoleum. Floor finishes (waxes or polishes) hased on fine- 
particle polyvinyl acetate emulsions have high gloss and good durability, 

Polyvinyl Acetate Emulsions in Cement. Jimulsion-cement mixes were developed 
in England during World War IT as nonslip, resilient floorings on battleship decks. 
The mixtures have excellent adhesion to iron, steel, concrete, and bricks, and may be 
compounded to avoid shrinking or expanding on setting. Flooring compositions are 
smooth and tough, and resistant to grease, oils, dirt, and wear. In England emulsion- 
cement floortg has often been used in housing projects where joitless flooring was 
specified, as well as in factories, restaurants, and assembly halls (4,9). 
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IMULSION COPOLYMERS WITH VINYL ACETATI: 

Copolymer emulsions of vinyl acetate with such materials as vinyl benzoate, vinyl 
crotonate, vinyl stearate, alkyl acrylates and alkyl maleates and their acids, have been 
prepared, and some are available commercially. Such materials tend to yield more 
flexible films than vinyl acetate and accordingly require less plasticization. It has been 
reported that they have a high blocking temperature and in some applications show a 
high order of water resistance (8). They are recommended for the same group of 
applications as polyvinyl! acetate emulsions, 
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POLYVINYL ALCOHOL 


The term polyvinyl aleohol includes all resins made by the hydrolysis of 
polyvinyl acetate. The properties vary according to the molecular weight of the par- 
ent polyviny] acetate and the extent of hydrolysis. The structure of polyvinyl alcohol 
obtained by complete hydrolysis may be represented by —CH.CHOH(CH.CHOED) .—, 
where 7 1s related to the molecular weight of the parent resiv. On partial hydrolysis, 
proportional amounts of residual CH;COO—groups are distributed along the chain in 
place of OH, and the amount of such acetate groups cxpressed as a percentage is the 
acetate content; thus in a polyvinyl alcohol of 70% acetate content, 30% of the acetate 
groups of the original polyvinyl acetate were hydrolyzed to hydroxyl groups, and 70% 
remain as acetate groups. In commercial polyvinyl alcohol, the expression “low 
acetate,” covers the range up to 15%, “‘medium acetate” 15-45%, and “high acetate” 
over 45%. Grades of polyvinyl alcohol are expressed, by Shawinigan Chemicals 
Ltd., by two numerals as 67/6 or 45/15. The number before the slant is the acetate 
content; the second number is the grade (proportional to the molecular weight) of the 
origmal polyvinyl! acetate. 

The chief uses of polyvinyl alechol are as emulsifiers, adhesives, solvent resistant 
film, or moldings and extrusions. Recent developments are modified polyvinyl alcohol 
fibers that have been developed in Japan and polarizing films by the Polaroid Corp. 
for viewing 83D moving pictures. 

The materials are shipped as white powders or granules. <A large series of grades 
differing in acetate content and molecular weight is available. 


Properties 


Polyvinyl alcohol, white powder or granules, is stable in color up to 140°C. On 
prolonged heating at 160-170°C., it darkens in color and becomes insoluble in water. 
At over 170°C., ether formation occurs; over 200°C. it softens, and at still higher tem- 
peratures decomposes with carbonization. Under high pressures at 200-250°C. a 
moldable resin of slightly modified solubility is obtained (3,6,9,15,17,21). Its heat of 
combustion is 5902 cal./g. (3,15,17,21), The burning rate of polyvinyl alcohol film 
isslow. The densities and refractive indexes of resins of various acetate contents are 
given in Table I (10). The coefficient of linear expansion of polyvinyl alcohol is 7 to 
12 x 1075 (2). 

Polyvinyl alcohol forms a reversible colloid in hot water, which is insoluble in cold 
water and may be purified by dialysis. In water at 20°C., polyvinyl aleohol up to 


TABLE I. Density and Refractive Index of Polyvinyl Alcohol. 





% acetate 





in resin din nh 

0 1.829 1.557 

5 1.322 1.553 
10 1.316 1.548 
20 1.301 1.539 
30 1.288 t.580 
40 ‘1.274, 1.521 
50 1.260 1.512 
60 1,246 1,503 
70 1.232 1.404 
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about 10% acetate content will swell; from 10-38% acetate content it is soluble; 
at 88-75% acetate it will form a thin mobile gel; and at higher acetate contents it is 
insoluble. In water at 100°C., polyvinyl alcohol at 0-38% acetate content is soluble; 
at, 88-75% acetate content it forms a gelled slurry; at higher acetate contents it is 
insoluble; the addition of 40% ethyl alcohol will extend the range of solubility to 
resins of about 75% acetate content. In a 35:65 acetone-water mixture at 25°C. 
polyvinyl alcohols of up to 70% acetate content are soluble, and when the proportions 
are reversed at this temperature, resins of 35-99% acetate are soluble, 

Polyvinyl alcohol above a 45% ucetate content is soluble in cresylic acid, and 
above an 80% acetate content in liquid sulfur dioxide. Polyvinyl aleochols of low 
acctate content, and depending somewhat on the degree of polymerization, are soluble 
in hot solvents, such as acetic acid, formamide, glycerol, glycol, thiodiglycol(2,2’-thio- 
diethanol), acetamide, urea, amino hydroxy compounds, and phenol; on cooling, these 
solutions gel. However, if the phenol contains a trace of water, the solution remains 
liquid on cooling (6). 

Polyvinyl alcohols of low acetate content are insoluble in and almost unaffected 
at ordinary temperatures by gasoline (either leaded or containing 24% alcohol and 
10% benzene), kerosene, benzene, xylene, methylene dichloride, trichlorethylene, 
carbon tetrachloride, mouochlorbenzene, methanol (anhydrous), ethyl alcohol (an- 
hydrous), ethylene glycol, acetone, furfural, methyl acetate, ethyl acetoacetate, di- 
Oxane, formamide, diacetone alechol, fenchyl alcohol, cyclohexanol, butanol, butyl! 
sarbitol, diethylene glycol, cresylic acid, monoethanolamine, triethanolamine, mor- 
pholine, quinoline, pyridine, nitrohenzene, ether, and aniline (8,10). 

Examples of plasticizers that are compatible with polyvinyl alcohols are (10): 
for resins of 2.5% acetate content glycerol is by far the best, and diethylene glycol 
and cthylenc glycol are also used; for resins of 45% acetate content glycerol, diacetin, 
triacetin, dimethyl phthalate, urea, and mono- or diethanolamine are used. 

The osmotic pressure (14) of a polyvinyl alcohol solution of 1.2 g./100 ml. water 
(low acetate content, low molecular weight) is 0.008 atm. The viscosities in poises of 
polyvinyl aleohol of various acetate contents in 4, 8, and 12% solutions in water at 


TABLE IL. Viscosity of Polyviny] Alcohol Solutions at 20°C. 








Viscosity, poises 











rere Recta Years 4% soln. 8% soln. 12% soln. 

10,000 20 0.0165 0.026 0.045 
15,000 20 0.024 0.054 0.125 
33, 000 5 0.048 0.18 0.65 
33, 000 20 0.045 0.16 0.52 

135, 000 5 0.26 5.5 28 

135, 000 30 0.30 — — 

400 , 000 1 0.50 16 40 

400, 000 40 0.70 —_ — 





20°C. are given in Table II (10). The hydroscopicity (2) of several grades of high 
molecular weight-low acetate material is shown below: 


Relative humidity, %............ 35 55 80 100 
Per cent gain in weight........... 1-2.5 3-8 “7-16 25-50 
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‘The abrasion resistance of polyvinyl alcohal is 10 times that of rubber (6,8), and 
its hardness (2), as measured by the Shore durometer, is 10-100 (plasticized). The 
tensile strength and elongation (at break) of low-acetate material is given in Table 
III (6). The cold flow (8) (per cent deformation of a 0.5 in. cube subjected to 4000 
p.s.i, for 24 hr. at 120°F,, and then allowed 24 hr. to recover) of polyvinyl alevhol is 


TABLE II. Tensile Strength and Elongation (at Break). 








Extruded 























Pressed 
Tonsile Tensile - 

Temp., °C, strength, p.s.i, Elongation, 0%, strength, p.8.i. Mlongation, % 
—32 7650 30 7400 40 
—-18 6770 8h 6760 85 

0 6760 99 3640 267 
25 5200 225 2110 ANB 
46 3530 255 1610 520 
66 3090 300 1490 500 
80 2110 340 


1250 620 








63.4%. The softening points of several grades of polyvinyl aleohol are given below 
(10): 
Grade... cece eee OF/6 46/6 40/15 
Softening point, °C............... baa 148 162 
The heat sealing temperatures (10,22) of resins of various acetate contents under pres- 
sures of 10 p.s.i. for 80 seconds ure: 


Per cent arctate. 0.2.0.0 0 266 e ee 25 36 45 55 65 
Heat sealing temp., °C... ........65. 195 180 168 148 138 118 


The thermal conductivity (8) of polyvinyl alcohol in cal./(see.)@q.om.) (°C. /em.) 
is 5 * 1074 for the extruded resin and 18 & 10~* for the molded resin. 

The dielectric constants (4,6) and power factors at various temperatures are given 
in Table LY. The electrical resistivity (8) in (ohm) (sq.em.)/(em.) is 3.1 3.8 x LO% 


TABLE IV. Dielectric Constant and Power lactor. 





Dielectric 











Temp,, °C. constant 
25 5.9 
50 7.5 
75 10.8 
87.5 13.6 





The permeability of polyvinyl alcohol films (8) in liters/sq.m. over a 24 hr. 
period for cach 0.01 em. thickness is: hydrogen, 1.41; oxygen, 0.51; and acetylene, 
2.34. 

The infrared absorption spectrum was determined by Blout and Karplus (1). 
The light transmitted by polyvinyl alcohol film at various wave lengths is given below 


(2): 


Wawve length, A... .. cee cece ee 2536 3130 3650 
Per cent transmission............... 77.5 72.9 81.1 
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Toxicity. Metabolism tests on mice show no poisonous effects (3,9). Although 
some workers report no harmful effects are shown by intravenous, intramuscular, or 
subcutaneous injections (5,6), it is unsuitable for use as a blood substitute (2) as it can 
cause a decrease in the amount of red corpuscles and increase the sedimentation rate 
to eventual coagulation (5,6) when used in large amounts. Jiumans show no harmful 
effects when polyvinyl alcohol is used in surgery or as a carrier for medicaments (6). 
It is not broken down in the body and will remain as a foreign substance (2), hence 
care should be exercised not to inhale the dust into the lungs. 


REACTIONS 


Mouomeric vinyl alcohol, CH,==CIIOH, is the enol of acetaldehyde (¢.v.) and is 
unknown in the free state, although some of its derivatives such as mercury com- 
pounds are fairly stable. Polyvinyl alcohol was first mentioned by Herrmann and 
Haehnel (3,6,15,17,21) in 1927; they made it by saponification of polyvinyl esters. 

Polyvinyl! aleohol shows all typical alcohol reactions such as reaction with acids 
or anhydrides to form esters and with aldehydes or ketones to form acetals (see “Poly- 
vinyl acetals”). Polyvinyl alcohol bears a similarity to the carbohydrates in that it 
does give the Carletti (thymol and menthol) and Fleig and Ihl (indene and oil of 
peppermint) carbohydrate reactions (8). It does not give a lignin reaction. Like 
starch it gives a violet color with iodine. It is stable to degradation (6,13). 

Acetylene, the Freons, butane, propane, or sulfur dioxide do not affect polyvinyl 
alcohol at room temperature (8), 

An insoluble yellow product containing 10% chlorine is obtained by the addition 
of chlorine at 20°C. The chlorine is helieved to have replaced some hydroxyl groups 
and is removed with difficulty by boiling with caustic, leaving an insoluble modification 
of polyvinyl alcohol. At 40°C., the chlorination procuct is black and contains about 
13% chlorine which is readily removed by dilute cold caustic, giving a lighter colored 
product. In this case the chlorine is believed to be only loosely attached. Bromine 
also reacts in a similar manner. Iodine gives a violet color even in low concentrations, 
but in the latter case the color may only appear after days. Iodine and polyvinyl 
alcohol in presence of potassium carbonate give iodoform (3,6). 

Polyvinyl aleohol is not attacked by compressed oxygen at temperatures down to 
—70°C. (8). With 30% hydrogen peroxide, acetic acid and carbon dioxide but no 
succmic acid are formed (6,12), Potassium permanganate oxidizes polyvinyl alcohol 
only very slightly if at all (6). Chromie acid yields a brown insoluble mass which 
contains some of both the starting materials (6). This is made use of in printing tech- 
niques. Concentrated nitric acid forms polyvinyl! nitrate in the cold (10) but oxidizes 
it on heating with the evolution of nitric oxide and formation of oxalic acid (7). There 
is n0 oxidization with periodic acid (6). 

Because of its resistance to oxidation, polyviny] alcohol of low and medium acetate 
contents is practically immune to deterioration by ageing (9). 

Dilute or coucentrated allalies or acids attack polyvinyl alcohol. With, stoichio- 
metrie amounts of sodium hydroxide the sodium polyvinyl alcohol trihydrate is said to 
be formed (3). On oxidizing fusion with solid caustic, oxalic and higher dicarboxylic 
. acids may be formed (18). Esters of polyvinyl alcohol may be made using acid anhy- 
dricles or chlorides. . 

Tixtremely good adhesives are produced by reaction of aqueous polyvinyl alcohol 
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with aldehydesulfonic acids (19), such as acetaldehydedisulfonic acid formylmethane- 
disulfonic acid) and benzaldehydesulfonie acid (formylbenzenesulfonic acid). 


Manufacture 


Polyvinyl alcohol is produced by cither acid or alkaline hydrolysis of polyvinyl 
esters, usually the acetate. The resins made by the two processes differ somewhat, 
and the acid process product may contain some ether groups. 

Acid Process (22). The methanolic polyester solution and the acid (sulfuric) 
are mixed and heated to 57-59°C. for about three hours. The polyviny! alcohol pre- 
cipitates, and the extent of hydrolysis is controlled by the time the polymer is allowed 
to stand before neutralization of the acid. The product is filtered, washed with 
methanol, and dried. 

Alkaline Process (23). The methanolic polyester solution is mixed with a meth- 
anol solution of sodium or sodium methoxide and a rapid reaction takes place at 
room temperature, soon forming a gel. The extent of hydrolysis is controlled by the 
amount of sodium methoxide used and the temperature. The gel is broken up and the 
alkali neutralized by a low concentration of acetic acid in a solvent inert to the product 
(see Vol. 5, p. 820). 

The resins are marketed under various names: Alvyl, Alvylol (Société Nohel 
frangaise), Darex (Dewey and Almy Chem. Co.), Elvanol (Du Pont), Gelvatol 
(Shawinigan Chemicals Ltd.), Lemol (Bordon Co.), Polyviol (Wacker-Chemie GMBH), 
Resistoflex (Resistoflex Corp.), Rhodoviol (Société des Usines chimiques Rhéne- 
Poulenc), Solva (Shawinigan Resins Corp.), Solvar (Shawinigan Chemicals Ltd.), 
Vinarol (Farbwerke Hichst AG), Vinavilol (Rhodiatoce 8.p.A.), Vinol (Colton Chem, 
Co.). 


Uses 


Plasticized polyvinyl alcohol may be extruded or cast, However, in many of its 
applications polyvinyl] alcohol is first placed in solution in water; this is done for ex- 
ample in inks and adhesives. Ayticles such as gloves may be formed by dip ceating 
from solution. 

Formation of Solutions. For low-acetate polyvinyl alcohol, a technique is used 
similar to that for gelatin. ‘The powder is first thoroughly wetted by stirring in the 
cold, and then the temperature is raised slowly to 80-90°C. with continuous agitation, 
sufficient to prevent settling and balling of the solid. It gives a viscous, possibly 
slightly hazy mix which will remain in solution even at room temperature for some 
time. The medium-acetate products offer less difficulty, since they are soluble in 
water at room temperature. However, high-medium (over 35% acetate) and high- 
acetate products require the addition of some alcohol or acetone for solution. 

Insolubilizing (2,10,16). In some applications insolubilizing treatments are given 
to the product after formation. In others, reagents are added to the solution to pre- 
elpitate the polyvinyl alcohol. 

Insolubilizing after-treatments may be done by heat-treating in the presence of 
salts such as copper-ammonia complex; by ferrous ferrocyanide; by dichromates in 
the presence of light; or by such organic reagents as sodium dibutylphenoldisulfonate 
(Aresklene 400), Congo red acid, p-(methylamino)phenol sulfate, resorcinol, and cin- 
namic aldehyde plus p-tert-amylphenol. 

Polyvinyl alcohol may be precipitated from its aqueous solution by the addition 
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of §-15% of many inorganic salts, or by borax, boric acid, and sulfonated phenols and 
their salts. 

These insolubilizing treatments, and precipitation from solution, give products 
that, although not soluble in water, will gel and swell greatly in the presence of water. 

A special application of insolubilized polyvinyl alcohol is the formation of fibers, 
insolubilized with formaldehyde. See Vol. 13, p. 817. 

Low-acetate grades of polyvinyl alcohol are used for extruded and cast articles such 
as gasoline hose, solvent-resistant gloves, films, and fibers; in inks; adhesives; sizes 
for paper and textiles; photographic and screen printing emulsions; polarizing film; 
release agents for use in molding polyester-resin glass-fiber compounds; semipermeable 
membranes and stencils; gaskets and belts; electrical and acoustic insulation; phar- 
maceuticals such as tablets, dressings, and sutures; boiler scale inhibitors (6); sausage 
casings and other food uses; cosmetics; emulsifiers; in ceramics to improve clay slips; 
and in paper coatings as binders for clay. 

Medium-acetate grades are used in candy lacquers and confectionery; heat-seal 
coatings and remoistenable adhesives; sizes for nylon or cotton; cosmetics; emulsi- 
fiers; cold-water-soluble films; stencil screens; and parting agents for molding poly- 
ester resins. 


High-acetate grades are used in solution or as a tape for adhesives; medicated 
films; and sizes for straw and felt. 

Polyvinyl alcoho! has also proved to be suitable for the preparation of mediums 
for the culture of bacteria and molds (7,10), and has been used in the synthesis of 
drying oil esters. 
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POLYVINYL ACETALS 


The polyvinyl acetual-type resins are made from polyvinyl acetate by hydrolysis, 
followed by condensation with an aldehyde: 





CH-=CHe » —CHCH2CHCH:— mn —CHCIHRCIHCIT,— ee, —CTI.CH:,.CHCH.— 
6 6 bu be dou 
bo do bo 4 
bu, b Hy but, 
vinyl polyviny! acetate polyvinyl! (1) polyvinyl 
acetate aleohol acetal 


Acctal resins were first synthesized in Canada in 1928, where small-scale manu- 
facture began in 1930. The formal and acetal are produced in Canada. Commercial 
production in the United States dates from 1936, where the butyral is produced in 
largest quantity beerause of its use in safety glass for automobiles. The formal is 
made by one U.S. manufacturer. The acetuls are used to prepare molded articles, and 
for a variety of applications including adhesives, films, and coatings. Sce Adhesives; 
Coated fabrics; Coatings, industrial; Textile technology; Varnishes. 

Properties. Tn addition to the type of aldehyde used, the properties of an acctal 
resin are affected by the chain length (or degree of polymerization) of the original 
polyvinyl] acetate, the extent of hydrolysis, and the completeness of condensation with 
the aldehyde. Each chain of the polymer will have attached to it, in addition to the 
acetal groupings, some of the original acetyl.groups, and a few free hydroxyl groups. 
It is convenient to express the results of analysis as per cent polyvinyl acetate content 
and per cent polyvinyl aleohol content by weight as though these were separate in- 
eredients. Commercial acetal resins may contaim 2-50% by weight of polyvinyl 
acetate aud 5-30% by weight of polyvinyl aleohol, the remainder being polyvinyl acetal. 

Assuming the same degree of polymerization of the polyviny! acetate, and the same 
degrees of hydrolysis and acetalization, in the scrics of resins—formal, acetal, propional, 
and butyral—the formal will have the highest softening point, tensile strength, and 
viscosity in solution, as well as the lowest per cent clongation and range of solubility. 
As the series of resins with normal aliphatic aldehydes is continued, the flexibility and 
softness or tackiness of unplasticized films and the solubility in aliphatic hydrocarbons 
increase. For a given acetal resin, the softening temperature and tensile strength 
decrease with increasing degree of ucetalization, while the solubility in water-immis- 
cible solvents increases (5a,9,19,25). Solubility in solvents coutaining hydroxyl 
groups generally increases with increasing hydroxyl content. Cyclic carbonyl com- 
pounds, such as furfural and cyclohexanone, form resins with higher softening points 
than the products from open-chain compounds with the game number of carbon atoms. 

Unstabilized films of the acetal resins deteriorate im direct sunlight if in coatact 
with air. Thermosetting properties are imparted by curing or cross-linking under heat 
with a small quantity of a phenolic, alkyd, wea, or melamine resin. . 

Preparation. Preparing polyvinyl acetals involves hydrolysis of the polyvinyl 
acetate and acetalization of the resulting alcohol by condensation with the aldehyde 
(29). The preparation may be carried out in three different ways: (1) alkaline hydrol- 
ysis of the polyvinyl acetate in methanol or ethy! alcohol solution, This reaction is 
very rapid under anhydrous conditions; amounts of water up to 2-3% can be tolerated 
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al some expense of speed and catalyst exhaustion (see “Polyvinyl aleohol’”’). Hydrol- 
ysis is followed by acid condensation with the aldehyde as a separate step. (2) Acid 
hydrolysis of the polyvinyl acetate in acetic acid, dioxane, methanol, or alcohol-ester 
solvent followed by acid coudensation with the aldehyde as a separate step. (3) Acid 
hydrolysis and acid condensation carried out simultaneously. 

The acid catalysts used may be sulfuric, hydrochloric, phosphoric, benzenesulfonic, 
or other strong acid. Hquimolar amounts of hydrochloric and sulfuric acids at a given 
temperature and under otherwise similar conditions give the same rate of hydrolysis; 
doubling the acid or raising the temperature 10°C. doubles the reaction rate. With 
phosphoric acid the rate is much slower. In acetic acid, at least 5~6% of the acetyl 
groups remain unchanged. Higher temperatures usually lead to a yellowish product. 
A higher proportion of water gives a higher percentage of hydroxyls and less color. 
Increasing the amount of aldehyde decreases the hydroxyl content, The apparent 
degree of polymerization may drop to nearly half during acid hydrolysis when using 
polyvinyl acetate of very high molecular weight, or only slightly when using that of 
low molecular weight, due to rupture of cross linkages between the chains. The resin is 
usually recovered as a precipitate after dilution with water. The product is then 
washed, stabilized with a trace of alkali or an organic amine, and dried. 

Grades and Analysis. In one method of designating grades, the first figures are 
the approximate viscosities of the parent polyvinyl acetate (86 g. in 1000 ml. solution 
in benzene, measured in centipoises at 20°C.), while the remaining numbers indicate 
the extent of hydrolysis, that is, the percentage of the original acetyl groups that have 
been removed whether or not the resultiug hydroxy! group is acetalized. Commercial 
acetal resins are usually made from polyvinyl acctates having a grace viscosity of 
7 to 60. 

Residual acetate groups are estimated by saponification with excess alkali, and 
hydroxyl groups by acetylation by means of acetic anhydride in pyridine. Acetal 
groups can be estimated by measuring the amount of free aldehyde released by distill- 
ing the resin with 50% aqueous phosphoric acid, but the results are generally some- 
what low (19). 

Health and Safety. The commercial acetal resins are nontoxic, and burn slowly. 
In compounding, the hazards of the other components should be taken into con- 
sideration. 


Polyvinyl Formal 


Polyvinyl formal [(1),R = H] (polyvinyl methylal, Formvar, Revyl F, Rhovinal F, 
Pioloform F, Mowital F), is available as a white or pale yellow granular powder. 
Commercial polyvinyl formals are soluble in acetic acid, aniline, chloroform, cresylie 
acid, dichlorodiethyl ether, dioxanc, ethylene dibromide, ethylene dichloride, furfural, 
nitrobenzene, 1-nitropropane, pyridine, tetrachloroethane, and a 30/70 mixture of 
ethyl alcohol and toluene. The list of solvents is much greater for resins of higher 
acetate contents. As the acetate content of resins increases, the strength and rigidity 
as well as the inflection and heat distortion temperatures are lowered. Some represent- 
ative commercial formals have sp.gr. 1.2, heat distortion point 88~93°C., tensile 
strength 10,000-11,000 p.s.i. See also references (6) and (24). Polyvinyl formal is 
resistant to dilute alkalies. Oxidative degradation at 150°C. or higher splits off form- 
aldehyde and water (3). 

Manufacture. Polyvinyl formal is usually prepared directly from polyvinyl 
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acetate dissolved in acetic acid, by heating at 70-80°C. in the presence of water, 
formaldehyde, and sulfuric acid (6). Heating is usually continued until about 92% of 
the acetyl groups have been hydrolyzed, and about 92% of the resulting hydroxyl 
groups in tum have been acetalized. The catalyst is neutralized by ammonium ace- 
tate, and the product after “disintegration” (precipitation in granular form in water) 
is washed and driecl. 

Uses. Polyvinyl formal (15/95) finds its main use in insulating enamel (lormvar 
wire enamel, Formex) and for coating magnet wire (6,15). The enamel is prepared 
from the formal in combination with an alkyl phenolic resin in a solvent mixture of 
cresylic acid or furfural and naphtha. Properties making the formal valuable in this 
application include its dielectric strength, toughuess, adhesion, flexibility, and resist- 
ance to heat, abrasion, solvents, greases, and oils, Plasticized mixtures of the poly- 
vinyl formal—phenolic resin are extruded for cable insulation. Polyvinyl formal is 
also used in separators for electric motor windings. Polyvinyl! formal (7/70) solutions 
are used for bonding solenoid coils. 

Granular polyvinyl formal placed between surfaces coated with a liquid phenol- 
formaldehyde resin provides, after application of heat and pressure, stronger mctal-to- 
metal bonds than riveting or welding, as well as a marked saving of weight and labor 
in aircraft construction (11). The same adhesive system (Redux) is useful for gluing 
metal to wood, rubber, or thermosetting plastics. Special uses include the joining of 
brake and clutch linings and the manufacture of veneered aluminum, The formal has 
also been used as a binder in the manufacture of asbestos paper, in laminated shoe soles, 
and for stiffening collars. Emulsions may be prepared for laminating and impregnat- 
ing (10). In Great Britain during World War II the formal was used for bonding and 
coating birch veneers (Hydulignum) for airplane propellers in regions where metal 
propellers suffered sand abrasion (1). 

Polyvinyl formal is an ingredient in high-grade varnishes. It is also used. for 
coating paper and artificial leather, and in wood sealers, aud has proved suitable for 
coating photographic flash-bulbs to prevent shattering. Mixed with phenolics, the 
formal provides adhesion, toughness, and hardness in drum, tank, and food-can linings. 
Corrosion-resistant steel priming compositions may be based on the formal (13). 

Molding compositions containing polyvinyl formal have exceptional strength, 
toughness, and dimensional stability in such uses as machine parts, tool handles, 
nonmarring hammerheads, nonbreakable phonograph records, combs, and spectacle 
frames, Formal compounds may be extruded at 320-380°F. Extruded tubing is 
suitable for gasoline, oil, and aromatic fuel lines. Injection molding compositions 
require 850-450°F., 20,000-35,000 p.s.i., and relatively large gates. Molded articles 
have a very hard surface, abrasion resistance, rigidity, and machinability. 

' Gasoline-resistant diaphragms are made from cured mixtures of polyvinyl formal 
and a diisocyanate-modified polyester-amide (Vulcaprene A); leather cloths of the 
same mixture have high abrasion and flex resistance and are nonthormoplastic (8). 

A water solution of polyvinyl alcohol may be foamed with air in the presence of a 
wetting agent, inorganic acid, and formaldehyde to produce the strongest known, ma- 
terial for its weight, of interest in thermal insulation and as a substitute for balsa wood. 
Polyvinyl formal household sponges (Ivalon) are tough, resilient, and soft (40). 
Fibers of polyvinyl alcohol, spun from water solution and treated with formaldehyde, 
as developed in Japan (Vinylon, Kuravilon, Kuralon, Kaneviyan, Gosei-Ichigo), 
have good strength, abrasion resistance, and heat retention (22,37), 
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Polyvinyl! formal films are used as a mounting medium and for preparing surface 
replicas in electron microscopy. Replicas of snowilakes are made from 1% ethylene 
dichloride solutions. Films with 5% titanium dioxide serve as dialyzing membranes 


(39). 
Polyvinyl Acetal 


Polyvinyl acetal [(),R=CHs3], although the name is used to designate the general 
class of acetal resins, specifically designates the resin made with acetaldehyde (Alvar, 
Revyl A, Rhovinal A). Commercial polyvinyl acetals have a slightly yellow color. 
These resins are soluble in acetic acid, acetone and higher ketones, amyl acetate, 
aniline, benzene, n-butyl acetate, n-butyl butyrate, chloroform, cyclohexanone, 
1,2-dichlorcethane, dioxane, ethyl acetate, ethyl alcohol, isobutyl] acetate, isopropyl 
acetate, methanol, methyl acetate, nitrobenzene, paraldehyde, pyridine, tetrachloro- 
ethane, toluenc, and trichloroethylene. Polyvinyl acetals have a tensile strength of 
6000-10,000 p.s.i., heat distortion temperatures of 65-90°C., and a dielectric strength 
of 950 volts/mil. 

Manufacture. In Canada, the acetal is made directly from polyvinyl acetate 
dissolved in a n-bntyl aleohol-n-buty] acetate mixture, by heating with water, paralde- 
hyde, 0.CH(CH:).O.CH(CH,) 0. CHCHs, and sulfuric acid. After neutralization 





with sodium acetate, the alcohol-ester solvent is removed by steam distillation and 
washing, and the product is shredded and dried (14). Standard grades are 7/70 and 
15/70. 

At Hochst, Germany, to make the acetal, polyvinyl alcohol was first prepared by 
heating a 40% solution of polyvinyl acetate in methanol-methy] acctate (60:40) at 50- 
55°C. for about 3 minutes using sodium hydroxide in methanol as catalyst (4,5,19). 
The solvent was boiled off, and water added to produce an 8% solution of polyvinyl 
alcohol. After filtration, acetaldehyde was added (140% of the theoretical amount 
required) with 2% of hydrochloric acid; the mixture was reacted at 10-12°C., and 
finally at 40°C. The product, after cooling, dilution, filtering, and washing, was 
plasticized and sheeted for safety glass. 

Uses. Polyvinyl acetal is useful in spirit-soluble lacquers, giving hard, tough, 
and abrasion-resistant films, which are applied by brush or spraying. As an ingredient 
in nitrocellulose lacquers, the acetal imparts improved durability and gloss retention. 
Similar uses include lacquers with modified linseed oil, lacquers for electrical apparatus, 
varnishes, and shellac substitutes. 

Plasticized or modified acetal solutions give high-strength bonds between porous 
or nonporous surfaces. The flexibility of acetal adhesives makes them suitable as 
belting cements. Special applications include laminated products, wood glues, china 
cements, abrasive-wheel bonding agents, insulating tapes, and washable adhesive 
bandages. 

Acetal solutions increase the transparency and grease resistance of wrapping papers 
and provide gloss coatings for fabrics, paper, and artificial leather. Impregnating 
‘dopes are used in treating or sizing fabrics, felt, and paper. ‘The acetal produces tough 
transparent films. Disintegration of archeological specimens such as bones, pottery, 
and textiles is halted by a thin 7/70 film, applied by immersion in a solution. 

Acetal emulsions may be used as a sealing coat for porous surfaces under cellulose 
lacquers or other coatings, as a flexible pigment finish for leather, which is resistant to 
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water and abrasion, and as a pigmented finish to impart water resistance to felt. The 
emulsions are algo useful as adhesives and bonding materials for woven fabric or leather, 
and have been used as extenders for rubber latex in the manufacture of leather board 
from scrap leather, and as a substitute for rubber latex in the boot and shoe industry 
(10). 

Injection molding of acetal powders is done at 340-375 °F, compression molding at 
212-265°F, Molded articles include sound-recording disks, dentures, shoe heels, 
butions, printing platics, parts for electrical apparatus, toothbrush handles, spectacle 
frames, wall tiles, dishes, trays, and novelties. 

In Germany, the acetal was used in lacquers, for stiffening straw hats and sizing 
felt hats, as well as in safety glass and textile sizing. 


Polyvinyl Butyral 


Polyvinyl butyral [0),R = CH,CH.CH.] (Bakelite XYHL and XYSG, Butacite, 
Butvar, Flexseal, Saflex, Vinal, Revyl B, Rhovinal B, Mowital B, Pioloform B) is the 
mast important of the acetal resins in the TA., being the standard interlayer material 
in safety glass. Annual U.S. production in 1953 has been estimated at 15-20 million 
pounds (12). Cost in 1953 was about #1/lh, 

Polyvinyl butyrals are gencrally soluble m esters, alcohols, glycol ethers, ketones, 
dioxane, and chlorinated and aromatic hydrocarbons, and are insoluble iu aliphatic 
hydrocarbons and mineral oils. An unplasticized rigid sheet of butyral has a specitic 
gravity of 1.07-1.20, a heat distortion poiut of 115-140°R., a dielectric strength of 
420-440 volts/mil, an impact strength, Charpy, notched, of 2.5-9.0 ft.-lb./in., and a 
tensile strength of 4000-8500 p.s.i. (1,18,19). Data on cross-linked or thermosetting 
butyrals have also been published (1,20,23). 

Polyvinyl! butyral for safety glass should voutain 19-20% polyvinyl] alcohol, equal 
to an acetal reaction of about 70% and less than 3% polyvinyl acetate by weight. 
The free hydroxyl groups are essential for good bonding. Polyvinyl butyral plasti- 
cized for safety glass las a specific gravity of about 1.07, nj 1.48, a tensile strength of 
1980-2900 p.s.i., and an elongation at failure of 300% (1,18). For molding purposes, 
higher acetal reactions of up to 85% ave usual to decrease the water sensitivity, in- 
erease the compatibility with plasticizers and modifying resius, and increase the low- 
temperature flexibility, 

Manufacture. Polyvinyl acetate is dissolved in an aleohol-ester mixture or 
other solvent, hydrolyzed with an alkaline or acid catalyst, and Jater acetalized with 
butyraldehyde in the presence of an acid catalyst. Because of the importance of 
product clarity, the polyvinyl acctate solution is filtered before reaction, and the prod- 
uct is precipitated by water and carefully washed (5,19,23,30). 

Uses. Plasticized polyvinyl butyral has proved outstanding as the interlayer 
for safety glass (laminated glass) because of its crystal-clear transparency, stability to 
light and heat, adhesion to glass, moisture resistance, impact resistance, and its tough- 
ness, resilience, and flexibility over a wide temperature range, The interlayer sheeting 
is bonded between glass by heat and pressure, with or without the use of an inter- 
mediate adhesive (23), It is also used between sheets of polymethyl methacrylate, 
and as an inside lacquer for window glass, to render them noushattering. 

During World War II the plasticized butyral (Heydenite X, Horco X, Saflex TS), 
cured or cross-linked with a urea-formaldehyde, phenol-formaldehyde, or other resin, 
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proved to be superior to natural rubber as a flexible waterproof cloth coating for rain- 
coats and ponchos; gas-impermeable fabrics; tents; tarpaulins; groundsheets; hos- 
pital sheeting; hammocks; air mattresses and sleeping bags; water, food, and cloth- 
ing bags; life preservers and rafts; emergency sails; and collapsible boats and pon- 
toons (1,17,20). During the rubber shortage, the butyral was also used for shoe heels, 
while cotton duck impregnated with butyral plasticized with triethylene glycol di(2- 
ethylbutyrate) (Flexol 83GH) or triethylene glycol di(2~ethylhexanoate) (Flexol 83GQ) 
and then calendered and laminated, was found to be a satisfactory leather replacement 
for shoe soles (7). For fabric coating the butyral may be applied by calendermg or by 
knife-coating solutions. A fabric treated with polyvinyl butyral becomes resistant to 
heat, abrasion and wear, water, solvents, and stains, while retaining its flexibility, 
appearance, aud softness or feel (21). Butyral-coated fabrics are used in fine up- 
holstery, drapery, table cloths, luggage, raincoats, and scuff-resistant panels. Treat- 
ment of nylon, as in parachute webbing, with an aqueous dispersion (Merlon BR), 
improves its resistance to abrasion and ultraviolet light (26). 

A wash primer type of metal conditioner with polyvinyl butyral, chromate pig- 
ment, solvent, and phosphoric acid as passivating agent has excellent adhesion to clean 
metal surfaces and air-dries rapidly to leave a uniform protective film to which most 
paints and coatings will adhere (2,38). A butyral wash primer under a topcoat of poly- 
yinyl chloride-acetate copolymer with rosin and cuprous oxide prevents metal cor- 
rosion under exposed edges of the paint film in salt water (2,16). Aluminum sheets 
prime-coated with the butyral are protected from corrosion during subsequent light 
drawing and forming. Butyral wash primers have found wide application in marine 
coatings, as well as for pipelines, oi] storage tanks, and air-conditioning equipment. 

A concentrated alcohol solution of the butyral may be emulsified with water and 
sprayed on cloth articles as an undercoat for nitrocellulose lacquers, resulting in greater 
flexibility and adhesion to the cloth. The butyral with hydrolyzed ethyl silicate gives 
a coating for glass brick (85). The butyral serves m primers for house paints and 
enamels, Phenolic-butyral formulations give durable wood finishes and knot-sealers 
for pine lumber (2). The butyral is usec to moistureproof regenerated cellulose films 
aud in heat-sealable coatings with nitrocellulose. Butyral coatings are used for can 
and gasoline-tank linings. Unplasticized butyral is used to coat metal foil for wrap- 
ping foods. A butyral coating improves the adhesion of inks and adhesives to alu- 
minum foil. Coatings and lacquers for paper, resins, glass, wood, and leather are also 
provided. The butyral is used for waterproofing felt, and in impregnating com- 
positions. 

Butyral solutions may be used to cast films and to prepare dipped articles. Bu- 
tyral films are suitable for waterproof packaging. Soft and hard sponges may be pre- 
pared from the butyral. A mixture of the butyral with the copolymer of methyl 
methacrylate and vinyl acetate may be used to form sheets or as a molding powder (32). 

Butyral adhesives give tough, flexible, and shock-resistant bonds; various appli- 
cations include bonding mica, laminating cloth, leather adhesives, and pressure- 
sensitive tapes. Polyvinyl butyral-phenolic adhesives will cement almost any surface 
to metals or thermosetting resins, and will bond grease-free metals under heat and light 
pressure (2). Butyral-modified phenolic adhesives have increased tensile and im- 
pact strengths in bonding plywood. Hot melts based on the butyral are used in high- 
speed, book binding. 

Extruded articles include flexible tubing and hose for fuel and oil lines. Com- 
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pression molding iy done at about, 275°H. and 1000 2000 p.s.i., Injection moldmg at 
about 400°D. and 11,000-15,000 psi. Molded products are tough and shock 
resistant. 

Gaskets or scaling rings for food containers are cut from butyral sheeting plasti- 
cized with di-n-butyl sebacate (84). Golf-ball covers may be made from crepe rubber, 
polyvinyl! butyral with di-z-butyl phthalate, and titanium oxide (33), 


Other Acetal Resins 


In the laboratory polyvinyl alcohol has been condensed with numerous other 
aldehydes, as well as with mixtures of aldehydes (forming ‘co-acetals’”) and with 
ketones (forming “‘ketals’”’) (23), but only a few of these have been prepared commer- 
cially. The co-acetal of acctaldehyde and butyraldchyde (Revy! AB) is produced in 
France. In Germany, Pioloform AZ15 Sp t0M was a co-acetal prepared from equal 
amouuts by weiglit of acetaldehyde and diethylacetaldehyde (2-cethylbutyraldehyde) 
(5), while the ketal made from polyviny! alcohol and cyclohexanone (Mowital O) was 
used for coating wires, An ethylene-vinyl acetate copolymer may be hydrolyzed and 
reacted with aldehydes to produce tough flexible films (86). Acctal resins have also 
been prepared from copolymers of vinyl acetate with methyl acrylate (27,31), methyl 
methacrylate (28), dimethyl maleate, or ethyl crotonate (31). 
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VINYL CHLORIDE 


Vinyl chloride at room temperature and atmospheric pressure is a colorless, in- 
flammable gas with a pleasant ethereal odor. It is a colorless mobile liquid below 
—13.9°C. It was first prepared by Regnault (6) from the reaction of ethylene di- 
chlovide and an alcoholic solution of potassium hydroxide: 


__ CELOH ; ; 
CH YCI—CHC] + KOH ———> CHe=CHCl] + KCI + 0 


However, alkaline treatment of ethylene dichloride is not usect industrially since half 
of the chlorine from the ethylene clichloride is converted to salt. 

Since the 1930’s vinyl chloride polymers and copolymers have grown from pilot- 
plant stage to an industry producing over 500 millions of pounds per year. This rapid 
increase is the result of unique properties of the vinyls in which they can be varied 
from soft rubbery products with good tensile and elongation properties to rigid prod- 
ucts with high structural modulus and excellent impact resistance. Such a wide varia- 
tion in hardness, together with such other important properties as chemical, oxidation, 


TABLE Tf. Sales of Polyvinyl Chloride and Copolymer Resins (50% or More Polyviny!] Chloride) 











in 1954, 
~ Use —— Pounds 

Film (resin content) 63, 860, 000° 
Sheeting (resin content.) 57,868, 000 
Molding and extrusion (resin content) 147,284, Q00 
Textile and paper treating and coating (resin content )* 49,646, Q00 
Flooring (resin content) 34, 885, 000 
Protective coatings (resin content) 23,676, 000 
Ajl other uses (resin content) 34, 447, 000 

Tatal 411,666,000 





« Tncludes data for spreader and calender-type resins. 
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and ozone resistance, excellent diclectric strength, fireproofness, and case of processing, 
have made their use possible in a broad range of industrial applications. Calendering, 
extrusion, and malding applications were first developed and more recently casting and 
coating techniques based on plastisols, organosols, and latexes have been developed. 
These formulations were made possible by the development of new forms of resin, 
Sales of these resins in 1954 are shown in Table I (U.S. Tariff Commission). By 
comparison, 1954. sales of all other vinyl resius amounted to 101 million pounds. 


TABLE, Il, - Properties of Vinyl Chloride. 





Byp. ab 760 MM... ee ete ~138, 81°C. 
Papee cece cc ccc ec veccevveeeesteevveetevetiveveeveres ~153,77°C. 
Flash point, COC. 06. ee eee ~ 78°C. 
Texplosive limits in air... ce eee 4-22% by vol. 
Liquid density at —20°C, g./ml.. Deas teres = 0,98848 
Density change with temperature between —30 °C, 

and —20°C. g/ml /°C.. oe eee Approx. 0.00164 
Viscosity, cps. 

At —1O°C eee ee 0). 248 

At —20°O.. ee cette eens 0.274. 

At ~B0°C.. ee. eee tenes 0.303 

Ab HAO SCL. cette eee 0.840 
Surface tension, dyne/em. 

Ab ~ LOC ee eee eee ene 20.88 

At —20°C. ete 22,27 

At —80°C. ee ees 23.87 
Niece cece gy e bbe b ee vet ete verve yet ery beenes 1,398 calc, 
Vapor pressure, mm. He 

02 as 2,660 

At ~—1B B72. ete ae 760 

Atte ~ 18.76°C* cee 692 

At —5B.B°C.. ce nett ees 100 

At ~7T3.9°C. ee ee eens 30 

At B75 GL eet cece enna lo 

At —109.4°O. cece eee 1 
Specific heat of liquid, eal,/g/°C.... 00... eee 0.38 
Specific heat of vapor at C, and 25°C., cal./g. mole/°C.... 12.83 
et Oe Or 1.183 
Latent heat of vaporization, cal./g. 

PS ek 71.26 

At —1B.87°C.. cece tenes 79,53 
Latent heat of fusion, cal/g... 0.000000 eee 18,14 
Heat of formation (est.), cal./g..... 6.6.00. . eeeee —120 
Heat of polymerization (est.), cal./g. (8).......0 0000s —272 
Critical temperature, Ty... 006. 0c cee ee ees 156.5°C, 
Critical pressure, P,, atm...... 0... 55.2 
Critical volume, V,, ml./g...........00000 00: c cece ee 2.70 
Volumetric shrinkage upon polymerization................ Approx. 85% 
PV/RT 

At 1B6.5°C.. cette eee ener ee 0.264 

2 0.9178 

At ~1B.87°C., cece eect e ener ees 0.9640 

Att — 15.76°C cect e eet eee eis 0.9652 

At ~73.90°C. (80 mm, Hg)...... 0. eee 1.000 
Dielectric constant at frequency of 108 and 17.2°C,......... 6.26 








* t, = temperature at which a mole of vapor in equilibrium with the liquid occupies 22.414 liters, 
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Properties (10) 


Vinyl chloride is soluble in carbon tetrachloride, ether, ethyl alcohol, and most 
organic solvents. The solubility of water in vinyl chloride is 0.11%. Viny] chloride 
is noncorrosive when dry at atmospheric temperatures. Acetylene impurities in com- 
mercial vinyl chloride react with copper. The commercial product has a faint phenolic 
odor due to the inhibitor. Other properties of vinyl chloride are given in Table I. 

Chemical Reactions. Vinyl chloride contains two functional groups, the chlorine 
and the double bond. The chlorine atom, as with all such halogen atoms attached toa 
double-bonded carbon, is quite unreactive as compared to the halogen of the corre- 
sponding saturated allyl halide. This inert character is so pronounced that vinyl 
chloride will not react with magnesium to form a Grignard reagent. Tt is because of 
this inertness that vinyl chloride can be made by the elimination of only one molecule 
of hydrogen chloride from 1,2-dichlorethane (3). Vinyl chloride is so resistant to 
further reaction by cracking or hydrolysis that there is no difficulty m preventing the 
elimination of another molecule of hydrogen chloride to form acetylene. The re- 
actions of the double bond are normal, ancl one of the more interesting from the mono- 
mer point of view is: 


Cl, 
CH:»=CHC! ——— CH.CI-—CHCh 


Subsequent dchydrohalogenation of the 1,1,2-trichlorethane by cracking or by alco- 
holic caustic results in the formation of vinylidene chloride, another important vinyl 
monomer: 


cracking 
CH,CI-CUCk ——"—+ CH:=CCh +- HCl 
alcoholic 
NaOH 
In either method of dehydrohalogenation, it is the carbon containing the single chlo- 
rine atom which yields its halogen. 


Manufacture 


Two methods are currently used in industry: (1) the reaction of acetylene and 
hydrogen chloride in the presence of a mercuric catalyst: 


CH=CH + HCl en CHy==CHCI (1) 
and (2) the cracking of ethylene dichloride: 
‘ 300-800°C. 
cH.cI—cH,c) OS. CH.-cHcl + HCl (2) 


contact catalyst 


Vapor Phase Catalytic Reaction of Acetylene and Hydrogen Chloride. 
This process is widely used in both Germany and the U.S.: Acetylene is passed 
through an acid or caustic scrubber to dry the gas and remove trace impurities, such as 
ammonia, hydrogen sulfide, phosphine, and arsine, normally present. This purified 
gas is then mixed with anhydrous hydrogen chloride in an approximately equivalent 
molar ratio and passed into steel tubes containing a catalyst. Since the reaction is 
exothermic (22.8 keal./mole), the tubes, maintamed at a temperature between 160 
and 250°C., are cooled to remove heat. The reacted gases contain, in addition to the 
vinyl chloride, unreacted acetylene, hydrogen chloride, and higher chlorine-containing 
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compounds such as 1,1-dichloroethane. These impurities are removed by scrubbing 
with aqueous caustic, aud the monomer is further purified by distillation. 

Vapor Phase Cracking of Ethylene Dichloride (12,38,36). This process is similar 
to the above and involves the passing of 1,2-dichloroethane over contact catalysts, 
such as pumice or charcoal, at temperatures of 200-350°C. The by-product hydrogen 
chloride ig separated from the vinyl chloride by distillation. ‘To improve efficiency, 
the hydrogen chloride, after purification, is then supplied to process (1) with acetylene 
to produce additional vinyl chloride. 

Shipment and Safety, Stabilization. Although vinyl chloride does not polymerize 
except in the presence of free-radical cutalysts or actinic radiation, it is normally 
stabilized for storage and shipment by the use of such materials as phenol, tertbutyl 
catechol, and hydroquinone in concentrations varying from 50 to 500 p.p.m. (In 
Germany liquid vinyl chloride has been transported in pressure tank cars without 
stabilizer.) The stabilizer is removed before polymerization by scrubbing with caustic 
or by distillation, 

Vinyl chloride is relatively nontoxie. The presently accepted maximum allow- 
able concentration for au eight-hour exposure is 500 p.p.m. (11). Explosions and fires 
from vinyl chloricde—asir mixtures are the major hazards. The limits of flammahility 
are 4-22% by volume in air. Vinyl chloride does not form peroxides by autooxidation 
as readily as other monomers such as butadiene; however, 1CC approved cylinders 
and tank cars have pressure relief devices. Maximum filling density is 84% for cylin- 
ders and 87% for tank cars for Class [CC-L05 A (11). 


Polymerization 


Ostromislensky (5) in 1912 reported that he had obtained resin products from the polymerization 
of vinyl bromide catalyzed by sunlight. TZe observed that the polymers so produced varied greatly 
in their solubility, and he arbitrarily classified them into groups which he defined as a, 6, and y 
isomers. These classifications were based on the relative rates of solubility of the polymer in such 
solvents as chlorobenzene, ethylene dichloride, and carbon disulfide, the y isomer being insoluble in 
these solvents. This type of polymer was currently adjudged to have the greatest, commercial 
promise and was given the name “Kauprenbromid.” When heated at 130°C., polyvinyl bromide was 
observed to carhonize, liberating hydrogen bromide copiously, Ostromislenaky then Cound that he 
could remove bromine from the polymer by treatment with zine duat suspended in ahsolute aleohol 
to give a product which he mistakenly thought might be a polyene hydrocarbon. 

Klatte and Rollett (15) reported five years later that they had obtained polymers of vinyl 
chloride by menna of peroxides rather than the sunlight catalysis of Ostromisleusky. Plansen (19) 
found that a polymer was formed directly when dry acetylene and hydrogen chloride were leated 
under pressure at 150-200°C. It was indicated by all the early investigators that lower ten.peratures 
of polymerization were necessary to give polymers with the highest molecular weight and preatest 
stability. Semon (21) in 1927 found that the “insoluble” y polymer of Ostromislensky could he 
dissolved by a number of high-boiling solvents, such as o-nitrodiphenyl ether and tricresy! phosphate, 
when heated to elevated temperatures. On cooling, these doughi-like mixtures became rubbery gels. 
Tt was the rubber-like plastic made possible by the vombination of vinyl chloride polymers and 
plasticizers that gave commercial impetus to an otherwise laboratory curiosity, 

‘Solution Polymerization of Vinyl Chloride. Much of the early work was concerned with bulk 
polymerization of vinyl chloride. Ostromislensky had noted that oxygen retarded photopolymeriza- 
tion, but not until 1937 was it demonstrated hy Schoenfeld (26) that a faster polymerization and a 
more stable polymer could be obtained by the use of an inert atmosphere such as nitrogen ar carbon 
dioxide. ; 

Bulk polymerizations were not feasible on u commercial scale since solid, horny maayes resulted 
if the polymerizations were permitted to go to completion. Conversions of greater than 25% Fre- 
quently became too viscous to permit adequate heat removal. The use of special solvents such as 
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acetone, as reported by Downes (29), made possible the use of hydrogen peroxide (insoluble in vinyl 
chloride) as a catalyst, and also increased conversion without attendant danger of the charge becoming 
solid. Douglas (25) developed a continuous homogeneous polymerizution teehnique in whieh the 
polymer in suspension in the monomer was withdrawn from the reactor und filtered off under pressure, 
the monomer being recycled. Temperatures of polymerization were reported ranging from 30 to 
45°C. with pressures varying from 60 to 120 p.sa. Equipment used was usually leacl- or glass-lined 
stirred autoclaves with jackets for cooling. 

Suspension Polymerization. The most widely used polymerization techuique for 
vinyl chloride involves water as a medium with a suspension agent such as polyvinyl 
alcohol and an oil-soluble catalyst such as benzoyl peroxide. A typical recipe reported 
to have been used at the Burghausen plant of Wacker (1) was: 100.0 parts vinyl chlo- 
ride, 0.1-0.2 part benzoy! peroxide, 200.0 parts water, 0.05-0.1 part polyvinyl alcohol. 

The ratio of monomer to water can be varied over a wide range, the limiting factor 
being sufficient fluidity of the final polymer-water slurry to permit adequate dissipa- 
tion of the heat evolved during polymerization. Particle size has been controlled to 
give a gramular polymer for better filtering and drying. Commercial suspension resins 
show little or no retention on a 100-mesh (U.S. Standard) screen and from 30 to 80&% 
retention on a 200-mesh screen. Stich a particle size is achieved by rapid agitation iu 
lead- or glass-lined autoclaves at temperatures ranging from 35 to 45°C, To prevent a 
pH drop (HCI formation) during polymerization, various alkaline butfers have hecu 
used, such as sodium carbonate, bicarbonate, and phosphate, to maintain the pIT at 
5-8 (14). Polymerization under inert atmospheres such as nitrogen (26) not only 
increases reaction rate, but also reduces the HCl evolved during polymerization, there- 
by increasing the stability of the polymer. 

Oil-soluble catalysts such as dibenzoyl peroxide, acetyl benzoyl peroxide, or di- 
butyryl peroxide are preferred to the water-soluble persulfate catalysts in suspension 
or “pearl’”’ type polymerizations since the latter, in addition to being slower, produce 
particles of too fine a particle size to be handled in conventional filtering and drying 
equipment. More recently there have been introduced suspension resins with in- 
creased surface area, These resins absorb plasticizer more rapidly and are referred to 
as powder mixing or ‘easy processing” resins. Their use permits a much faster proc- 
essing cycle and in some instances extrusion is carried out from dry resin-plasticizer 
blends. 

There is little published information regarding molecular weight distribution, 
branch chaining, etc., of vinyl chloride polymers; however, Mark reports that vinyl 
chloride polymers in general have comparatively narrow molecular distributions, es- 
pecially as compared with polystyrene. Specific viscosities of commercial vinyl 
chloride polymers range from 0.8 to 0.5 (A.8.T.M. D1243-52T). Molecular weight is 
usually controlled by the temperature maintained during polymerization, and to 2 
lesser degree by chain-modifying or -terminating agents. 

Emulsion Polymerization. Emulsion polymerization techniques are employed 
to give a particle size range sufficiently small to remain in colloidal suspension. The 
more permanent of these are regarded as latexes. Such polymerization systems are 
usually based on water-soluble catalysts, such as sodium peroxysulfate, and micelle- 
forming agents, such as sodium laurylsulfate or sodium alkylbenzenesulfonate. ‘To 
produce stable latexes with high solids, 2 method has been described by Powers (35) 
for controlling particle size by the use of seed latex and restricting the effective con- 
centration of emulsifier. Stable latexes have been produced ranging in solids content 
from 50 to 66%. The pH of such systems is usually maintained between 6 and 8. 
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Low pH systems ranging from 2 to 3 have been reported but are generally less stable 
and are not offered for commercial sale. 

Coagulation and drying of finely divided particle systems are more difficult than 
for suspeusion polymers; however, this is the source of the rapidly growing plastisol 
and organosol resins used in coating and casting applications. Careful control of 
particle size is necessary to produce resins which will give plasticizer dispersions with 
optimum rheological properties. 


Copolymerization 


Vinyl Chloride-Vinyl Acetate. Research in the ficld of vinyl chloride-vinyl 
acetate copolymers was predicated on the belief that certain limitations, such as 
msolubility and difficult processability, of vinyl chloride polymers would prevent their 
wide commercial aceeptance. Carbide & Carbon Chemicals Corp, did much of the 
basic research and development on vinyl chloride-vinyl acetate systems that ulti- 
mately resulted in their Vinylite resin serics. 

In 1928 Reid (23) frst describedl a copolymer based on 22 parts vinyl chloride, 
25 parts vinyl acetate, 8 parts acetaldehyde, and 50 parts solvent. In a later patent 
Reid (24) describes in clearer detail a method involving the use of a solvent, in which the 
monomers were soluble, but in which the polymer would be insoluble when the desired 
molecular weight had been obtained. Such a system is illustrated in which an 80/20 
mixture of vinyl chloride-viny! acetate was polymerized in an equal weight of hexane. 
The reaction was catalyzed with benzoyl peroxide, 0.56% on the monomers, and was 
carried out in a lead-lined, stirred autoclave at 40°C. over a period of 60 hours. The 
product, after filtermg and drying, was a low-density white powder which was soluble 
in toluene ouly to the extent of 12%. 

Increased polymerization rates were obtained by Shriver (22) from the use of 
acetyl-benzoy! peroxide as a replacement for benzoyl peroxide. Lower catalyst con- 
centrations, $4 to 44 that for benzoyl peroxide, and lower temperatures could be em- 
ployed to give a faster reaction rate. These modifications contributed to increased 
stability of the polymer. The use of tetraethyl lead (20) was reported as a polymeriza- 
tion catalyst. However, the use of lead compounds as stabilizers has developed into 
more commercial importance than their use as catalysts. 

One of the first techniques for continuous polymerization was described by Doug- 
las (25) in which the vinyl chloride-vinyl acetate mixture was dissolved in butane. 
The polymer could be separated from the low-boiling solvent from which it precipitated 
during polymerization, givmg a product which could be used directly and without 
further heat incidental to drying. 

The effect of molecular-weight distribution and composition was studied by 
Douglas and Stoops (2), who found that they could separate a polymer into its various ° 
molecular-weight components by fractional precipitation from solution, They ob- 
served further that the physical properties of the various fractions varied directly 
with molecular weight, but that the change was most pronounced at a molecular range 
below 8000 (see Table ITI). 

Adhesive resins have been made by incorporating carboxyl-containing monomers 
and partially hydrolyzed polymers in which hydroxyl groups are present (see “Poly- 
vinyl alcohol’), Vinylite VMCH is described as an 86/13/1 vinyl chloride-vinyl 
acetate~maleic anhydride interpolymer. Vinylite VAGH is a partially hydrolyzed 
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TABLE Il. Physical Propert ties of Vinyl Chloride~Vinyl Acetate Interpolymer Fractions.” 





Molecular weight............ 00... 15,800 14,600 13,200 11,100 7,500 5,800 
Brinell hardness (2.5-kg. load), .... 13,9 13.5 12.3 12.7 12.2 — 
Viscosity, eps., 20% in methyl iso- 

butyl ketone...............0.4. Gel Gel 370 145 45 24 
Plasticity at 120°C, (Scott}..... .. 39 52 66 82 94. — 
Tensile strength, pai...... 2. . 9,955 9,745 9, 680 9,180 6,680 1,120 
Impact strength, ft.-lb.......00.... 0.36 0.33 0.32 0.31 0.16 — 
Modulus of rupture, p.s.i.......... 14,400 14,600 13,000 13,500 9,100 1,470 





¢Tractions obtained by precipitation from acetone solution by adding isopropyl aleohol. 
Fractions ranged in vinyl chloride content from 83.1 to 86. 4%. Molecular weights were determined 
by viscosity in dipropyl ketone at 20°C., using K, = 3.4 X 107* in the simple Staudinger equation. 


copolymer of vinyl chloride and vinyl acctate containing approximately 91%, 3%, and 
6% respectively of vinyl chloride, vinyl acetate, and vinyl alcohol. 

Other Vinyl Chioride—Unsaturated Ester Copolymers. Vinyl esters other than 
vinyl acetate have not attained commercial significance for use with vinyl chloride in 
interpolymer systems. Vinyl formate~vinyl chloride copolymers were covered in 
patents (17), but such products have not been marketed. Vinyl benzoate is now 
available, but no copolymers have yet been commercialized. Vinyl stearate and oleate 
esters have been interpolymerized with vinyl chloride by the Eastern Regional Labora- 
tory, to give polymers with properties described as being internally plasticized; 
however, there are as yet no products offered for sale in commercial quantities. 

Other unsaturated esters which have been interpolymerized with vinyl chloride 
include diethyl maleate (27) and diethyl fumarate (81). Since both have faster 
reaction rates than vinyl! chloride, proportioning of the faster-reacting monomers has 
been proposed (13) to produce a more uniform copolymer. The maleate and fumarate 
copolymers with vinyl chloride have properties generally similar to the vinyl 
chlorice—vinyl acetate copolymers with slightly elevated softening points. 

Acrylic esters have been copolymerized with vinyl chloride by I. G. Farben to 
give a wide range of compositions and properties. Since the lower acrylate esters also 
enter the polymer chain faster than vinyl chloride, more uniform polymers have been 
obtained by batch~charging the viny! chloride and proportioning the acrylate ester (16), 
Tnercasing the ratio of methyl] acrylate in the vinyl chloride copolymer from 0 to 20% 
decreased the softening point from 78 to 63°C. (4). As would be expected, the higher 
acrylate esters enter the polymer chain more slowly and give copolymers with lower 
softening temperatures. 

Copolymers with 90/10 ratio of vinyl chloride—acrylate esters are reported (9) to 
have the following softening points: methyl acrylate, 73°C.; ethyl acrylate, 67°C.; 
butyl acrylate, 65°C.; octyl acrylate, 64°C. Because of the relatively high price 
of acrylate esters in the U.S., commercial emphasis has been largely on the lower- 
priced vinyl acetate. Both the acrylate and methacrylate esters have been copoly- 
merized with vinyl chloride by Rohm & Haas (7), and Smith of B. F. Goodrich Co. has — 
prepared copolymers of ethyl acrylate and viny] chloride as stable latex systems (34). 

Vinyl Chloride-Vinylidene Chloride. To decrease the softening temperature and 
inerease the solubility of polyvinyl chloride, I. G. Farben developed a technique for 
chlorination of the polymer suspended in a chlorinated solvent. Such polymers were 
appreciably more soluble, but were too unstable for wide commercial usage. Alex-~ 
ander and Tucker (28) prepared polymers with equivalent solubility and chlorine 
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contents, but with appreciably increased stability, by copolymerizing vinyl chloride 
and vinylidene chloride in suspeusion systems catalyzed by benzoyl! peroxide. A series 
of such copolymers with varying solubilities was found to have somewhat better 
stability, tensile, and clongalion properties than the after-chlorinated polyvinyl 
chlorides with corresponding chlorine contents. 

Scott and Seymour (30) obtained a granular product when the following composi- 
tion was reacted at 82°C. for about 16 hours: 385 parts vinyl chloride, 15 parts vinyli- 
dene chloride, 60 parts water, 1.5 parts Aquarex D, 0.11 part citric acid, 0.4 part 
sodium perborate, 1.6 parts carbon tetrachloride, and 0.72 part disodium hydrogen 
phosphate. 

Vinyl chlovide-vinylidene chloride copolymers ranging in composition from 
95/5 to 85/15 are finding uses in calendering and extrusion compounds where lower 
processing temperatures are required. Higher ratios of the vinylidene chloride com- 
ponent up to 40% are used in solution resins. For copolymers of the saran type com- 
prising 80-90% of vinylidene chloride see Vinylidene chloride.” 


Applications of Vinyl Chloride Polymers and Copolymers 


These polymers and copolymers can be divided into six types: (7) general-pur- 
pose resins, high-molecular-weight resins used in plasticized form for most applica- 
tions; (2) dispersion resins, high-molecular-weight resins of small particle size suit- 
able for dispersion in plasticizer, as plastisols and orgauosols; (3) waler-dispersed 
resins, latexes; (4) solution-type resins, lower molecular-weight resins or copolymers 
which will dissolve in organic solvents; (5) nitrile rubber plasticized resins, poly- 
blends; (6) rigid resins, copolymers or high-molecular-weight resins desigued for un- 
plasticized applicatious. 

See such articles as Cable coverings; Coated fabrics; Paper coatings (oryante). 
Sec also Tectile fibers (acrylic and vinyl), Vol. 18, p. 831. 

General-Purpose Resins. These high-molecular-weight polymers are either 
straight polyvinyl chloride or they may contain a small amount of a copolymer such as 
vinyl] acetate or vinylidene chloride. Within this group are electrical grade and powder 
mixing grade resins. The bulk of vinyl applications may be filed with these general 
purpose resins. 

The basic resins are easily modified to mect « wide variety of requirements. 
Plasticizers play a most important role. They are high-boiling esters: phthalates, 
phosphates, adipates, sebacates, azelates, and polymeric-type esters. The amount, 
used determines the degree of flexibility, and the type determines the physical and 
chemical properties. Stabilizers are used to prevent, decomposition if the resin is 
subjected to excessive heat duriug processing or service life. They also help to pre- 
vent degradation by ultraviolet light. They are generally metallic compounds of 
lead, tin, barium, or cadmium. Small amounts of lubricants are processing aids. 
Fillers, such as clay or whiting, are uscd to reduce costs, Since the basic resins are 
transparent, color possibilities are unlimited. Both organic and inorganic color 
pigments are used. These ingredients are incorporated in the resin by mill, Banbury, 
or dry powder mixing. 

Extrusion and injection molding, and calenderiug for sheeting, are commonly 
used fabricating methods. 

The basic properties of polyviny! chloride, its resistance to weathering, chemical 
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inertness, and electrical resistivity, and the ease of adapting its inhereut properties 
to meet specific requirements, have been responsible for its widespread use. Not only 
its electrical properties, but also its oxidation resistance, nonflammability, and ease 
of fabrication have made it a leading material for wire and cable insulation. Tough 
cable jackets can be compounded to meet the exacting low-temperature requirements 
of military field communication wire as well as the underwater conditions encountered 
in the ocean. Other applications are garden hose, gaskets, and welting for shoes, 
upholstery, and automobiles. 

Film and sheeting account for a substantial share of the vinyl resin produced. 
The attraction of an infinite variety of colors and designs, ease of cleaning, and. water 
resistance have led to uses such as shower curtains, bedspreads, draperies, garment 
bags, table covers, place mats. Outdoor uses vary from wading pools to protective 
covers for outside storage. Polyvinyl chloride is adaptable to heat-sealing by high- 
frequency heating, and most items made from film such as rainwear and inflatable 
toys are fabricated by this method. 





Commercial general-purpose resins” Mannfaeturer 
Geon 101 (E), 101-EP (E,P), 103-EP (f6,P), 202 B, F. Goodrich Chemical Co. 
Vinylite VYNW (EB), QYNA (12), QYSQ (1,P) Bakelite Div. of Carbide & Carbon 
Corp. 
Opalon 300 (1i,P) Monsanto Chemical Co. 
Marvinol VR-10, VR-22 (P,), VR-20, VR-21, VR-3U (P) Naugatuck Chemical Co. 
Eexon 500 (E,P), 905 (P), 915 (P), 925 (P) Firestone Tire & Rubber Co. 
Dow 111-1 (P), 111-4 (P,£), 100-4 (P), 100-5 (P) Dow Chemical Co, 
Diamond PYVC-50 (powder) (2) Diamond Alkali Co. 
Goodyear EDB-90V (E,P) Goodyear Tire & Rubber Co. 


«Jo = electrical grade. P = powder mixing grade. 


Dispersion Resins—Plastisols and Organosols. Plastisols are dispersions of 
vinyl resins in plasticizer. If the liquid phase contains volatile, nonaqueous materials, 
the system is called an organosol. These dispersion systems depend on the fact that 
the resin is relatively insoluble in plasticizer at room temperature, yet soluble at ele- 
vated temperatures. To obtain maximum physical properties it is necessary to fuse 
the compound at a temperature of 300-375 °F. 

Organosol resins have # particle size ranging from 0.2 to 2.0 » and are usually 
supplied as agglomerates of individual particles. Tall and pebble mills are effective 
in reducing these agglomerates as well as providing a closed system to contain the 
volatile liquids. The composition of the liquid phase (dispersant/diluent ratio) ts 
critical, and determines the viscosity and stability of the system. The dispersant 
(plasticizer and volatile solvents such as ketones or esters) tends to wet and swell the 
resin, while the diluent (aromatic or aliphatic hydrocarbons) controls the swelling and 
reduces viscosity and cost. All the usual compounding ingredients (fillers, stabilizers, 
color pigments) may be added with the resin if desired. 

Plastisols are mixed in shearing-type rather than high-speed mixers, and at room 
temperature (preferably below 90°I.), Since plasticizer is the sole dispersing medium, 
its choice determines the flow properties which are vital to success in any application. 
Stabilizers, fillers, and color pigments are usually predispersed in plasticizer before 
being added to the plastisol. Because of the relatively high viscosity of plastisols, 
air entrapped during mixing fails to escape and must be removed for most applications 
by subjecting the plastisol to a vacuum. 
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The bulk of vinyl dispersions are used in the coating field on fabric or paper. 
Yoated fabrics comprise the largest portion of the coating field and find their principal 
use in upholstery. Other applications ave in rainwear, table covers, tarpaulins, wall 
coverings, flooring, protective clothing, rug backing, and conveyor belting. Vinyl 
coatings on paper are used for table and shelf covers, novelties, furniture decorations, 
floor and wall coverings. Coatings on synthetic-rubber-saturated papers are used as 
shoe mnersoles, automobile door linings, and luggage. 

Dip-coating is also an effective method of application, Electroplating racks, 
wire goods such as dish drainers, fabric gloves, automotive seat springs, lamp sockets, 
and strippable coatings on metal are typical of the products made. With plastisol 
systems, coatings up to 0.060 in. may be applied in a single dip. In multiple dipping, 
each coat is usually gelled separately, and final fusion is carried out after all coats have 
been applied. Heavier coatings may be applied from plastisols using a hot dipping 
process. 

Gelling agents such as a metallic soap or high oil absorption filler are used to 
prepare plastigels, which are plastisols having extremely high viscosities and yield 
values. Putty-like pastes may be prepared in this way aud are applied by grease gun 
or trowel as sealants. Infrared lamps are used for fusion. 

Slush aud rotational molding are used to make hollow flexible articles, partic- 
ularly toys, dolls, doll parts, and balls. A hollow mold is preheated and filled with 
plastisol. The portion adjacent to the wall is gelled by the heat of the mold. The 
remaining fluid plastisol is drained out and the mold sent through a fusion oven. After 
cooling in a water chamber, the article is removed by an air stream, aud the operation 
repeated. 

Vinyl sponge and foam are made from plastisols. Flotation equipment and insula- 
tion are made from closed ceil sponge which is produced with chemical blowing agents 
in closed molds under pressure, Open cell sponge may be made with a chemical blow- 
ing agent without pressure or by dissolving an inert gas in a plastisol under relatively 
high pressure. Foamed vinyl is used in many applications such as mattresses, seating, 
automobile arm rests, and gasketing. 





Commercial dispersion resins Manufacturer 
Geon 121, 126 B. TF, Goodrich Chemical Co, ; 
Vinylite QYNV Bakelite Div. of Carbide & Carbon Corp. 
Opalon 410 Monsanto Chemical Co. 
Marvinol VR-10 Naugatuck Chemieal Co. 
Exon 654 Tirestone Tire é& Rubber Co, 
Pliovic AO Goodyear Tire & Rubber Co. 
Dow X2702 Dow Chomical Co. 


Water-Dispersed Resins—Latexes. Vinyl latexes are water dispersions of poly- 
vinyl chloride or copolymers of vinyl chloride. The individual particles are 
negatively charged and are about 0.2 » in diameter. These colloidal dispersions 
contain about 50% solids and are offered as resin or preplasticized resin latexes, having 
a pH of 7-9, Latexes may be compounded with plasticizers, fillers, and pigments like 
other vinyl resins, although the ingredients must be added as alkaline water solutions, 
emulsions, or dispersions. 

After the latex is applied to the paper or fabric, water must be evaporated at about 
75-80°F, for some latexes, but others must be fused at elevated temperatures of 250- 
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300°F. Embossing, printing, and smoothing are typical of the additional processing 
steps which may be used. 

Viny! latexes are used as “bridge” coats or tie coats on loosely woven fabric which 
is subsequently to be coated with an organosol or plastisol. Adhesion is improved and 
excessive penctration prevented. These coatings are also used for upholstery, lug- 
gage, shade cloth, and table covers. The strength, abrasion resistance, and good 
aging properties of vinyl latexes make them suitable as felt coatings for automobile 
trunk linings, and as binders and back-sizes for carpets. 

Decorative coatings on paper, such as shelf and wall paper, take advantage of the 
ease of coloring, clarity, gloss, and light stability of many of these resins. Among 
other applications are heat-scalable ecoatmgs, prime coats on paper-surfaced waill- 
board, disposable paper sanitary products, rubber release coatings on paper tapes, 
and interior and exterior coatings on fiber drums. 

In impregnation and saturation operations, vinyl Jatexes are used as binders and 
flameproofing agents for nonwoven fabrics, as for protective clothing and hospital 
sheeting. Drinking cups, shoe linings, and bookcovers may be made from paper satu- 
rated with these latexes. 

Another important field of application is that of pigment binding for such prod- 
ucts as printing inks, leather finishes, and emulsion paints. 


Commercial vinyl latexes Manufacturer 





Resin latexes 


Geon 151, 251, 351, 352, G52 B. F, Goodrich Chemical Co. 

Pliovie 300 Goodyear Tire & Rubber Co. 

Exon 700XR59 Firestone Tire & Rubber Co. 

Polyco 446 American Resinous Chemicals Co. 
Preplasticized resin latexes 

Geon 576, 577, 552 B. F. Goodrich Chemical Co. 

Dow 744-B Dow Chemical Co. 


Solution Resins. Coatings made from these resins are used to line beverage con- 
tainers, closures, food-packaging paper, and beverage dispensers, and on kitchen 
furniture, medicine cabinets, refrigerator parts, and the like. Their toughness and 
flexibility enable them to withstand drawing, stamping, and forming operations after 
being coated on flat metal sheets. 

Strippable coatings are applied with these resins by dipping or spraying. The 
films deposited provide excellent protection during storage and shipment. Large, 
irregular shapes may be covered effectively with a “cocoon-like’ coating. The 
equipment is first covered with a web of pressure-sensitive tape. A special vinyl 
webbing solution is then sprayed over the tape framework. 











Commercial solution resins Mannfacturer 
Vinylite VMCH, VYHH, VYLF, VAGH, VYDR, Bakelite Div, of Carbide & Carbon Corp. 
VYCM, VYCC, VYNS 
Geon 200X20, 400X741, 400X110, 400X80 B. F. Goodrich Chemical Co. 
Exon 400XR70, 400XR71, 450, 470 Firestone Tire & Rubber Co. 


Nitrile Rubber Plasticized Vinyls. Liquid plasticizers normally used with vinyl 
resins have some drawbacks such as volatility, extractability, and tendency to migrate 
to other materials. Butadiene-acrylonitrile polymers, being effective though less 
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efficient plasticizers, overcome these shortcomings in many cases. The nitrile rubber 
and the vinyl resin are preblended, in the colloidal state. The product, called a 
polyblend, is offered in sheet form. It is usually used as a thermoplastic material, 
although it can also be vulcanized, 

Standard vinyl stabilizers, lubricants, and pigments are added on a cold or hot 
mill, Polyblends can be extruded, molded, or calendered. If better physical and 
extraction properties are desired, polyblends can be vulcanized with the usual rubber 
curing agents. These may be added on a cold mill. 

Polyblends are used in such applications as film for food packaging, shoc welt, 
and electric cords which come in contact with styrene products such as clock cases. 
The most important clectrical application is in jackets for coaxial cables. Calendered 
products are used in the textile and flooring fields. Vulcanized polyblend is used in 
printing roll covers, gaskets, and basketball covers. 

Polyblends are also available in latex form. As such they are used as a grease- 
proof coating on paper, a fiber binder, and as a coating on felt for trunk linings. 


Commercial resins Manufacturer 
Geou Polyblend 503-1. B. i) Goodrich Chemical Co, 
Geon Polyblend Latex 552 B. . Goodrich Chemical Co. 


Rigid Resins. These resins are supplied both as powders aud as finished com- 
pods in granular form. Those processed without the usc of plasticizer are the most 
important aud may be divided into two groups: (J) high-molecular-weight resins 
used primarily for corrosion resistance, and (2) lower-molecular-weigly resins used for 
phonograph records. It is necessary to add stabilizer, lubricant, and pigment for 
processing purposes. Both types may he extruded, calendered, or molded, using some- 
what different techniques. 

Rigid vinyls are designed to take maximum advantage of the chemical inertness 
of polyvinyl chloride. Any modification in the form of copolymer or processing aids 
tends to detract from the inherent chemical resistance of the polymer, so that most. 
corrosion-resistant applications make use of unplasticized high-molecular-weight 
polyvinyl! chloride. | 


t 


Pipe made of polyviny} chloride is used to carry salt water and sour crude oil. 
Although paraffin sticks and builds up on the inner walls of metal pipe, it does not 
do so in polyvinyl chloride ipe. Polyvinyl chloride is also used in chemical plants 
as pipe, fittings, valves, ducts, hoods, and filter frames. 

Parts may be joined by the hot gas welding method, [riction welding, or by ce- 
menting. They may he sawed, machiued, etc., on standard metal or woodworking 
tools. i. 

In addition to standard prades of high-molecular-weight resins used in the un- 
plasticized state, a high impact grade is offered. Although the chemical resistance and 
heat distortion of this type polymer are slightly poorer than the normal impact. grade, 
the increase in impact strength (us measured on the Izod machine in foot-pounds 
per inch of notch) from 0.8 to 15.0 makes this resin preferable for most applications. 
Rigid sheets are used in tank linings, or may be vacwwm-formed into a variety of 
articles such as advertising and highway signs, aircraft window frames, luggage, 
printing plates, chemical containers, refrigerator parts, and housings of all types. 

In addition to phonograph records, the lower-molecular-weight copolymers are 
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used in vinyl-asbestos floor tiling, although plasticizer is used with it as part of the 
binder. 


(1. 


(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
(14) 
(15) 
(16) 
(17) 
(18) 


(19) 
(20) 
(21) 
(22) 
(23) 
(24) 
(25) 
(26) 
(27) 


(28) 
(29) 
(30) 
(31) 
(32) 
(33) 
(34) 
(35) 
(36) 


Conimerciat rigid resins Manufacturer 








High-molecular-weight 


Geon 108-fP, 404-HT (high impact) B. F. Goodrich Chemical Co. 

Vinylite QYNA Bakelite Div. of Carbide & Carbon Corp, 

Tixon 402-A. Firestone Tire & Rubber Co. 
Low-molecular-weight 

Geon 40078, 205 B. F. Goodrich Chemieal Co. 

Vinylite VYHH Bakelite Div. of Carbide & Carbon Corp. 

iixon 468 Firestone Tire & Rubber Co. 
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VINYLIDENE CHLORIDE 


The existence of vinylidene chloride was known for nearly a hundred years before 
extensive research was carried out on the polymers of this compound, The French 
chemist Regnault reported in 1838 the formation of a white “noncrystallme”’ precipi- 
tate from a liquid boiling between 35 and 40°C. The liquid was apparently an impure 
1,1-dichloroethylene prepared from trichloroethane by reaction with alcoholic po- 
tassium hydroxide. Regnault regarded this precipitate as an isomeric modification 
of the liquid. Further mention of this substance is occasionally found in Lhe literature 
(6,8,9), but it was not until 1932, when The Dow Chemical Company began a thorough 
investigation of vinylidene chloride polymers, that promise of commercial use became 
evident. This work led to the introduction in 1989 of a family of thermoplastics 
based on vinylidene chloride and now known generically as “saran.”’ (Tn many 
foreign countries, Saran is a registered trademark of The Dow Chemical Company.) 

The term saran refers to polymers that contain 50 or more per cet vinylidene chlo- 
vide. The vinylidene chloride homopolymer, although having better chemical resisi- 
ance, higher heat distortion temperatures, and lower water-vapor and gas trans- 
mission rates than the copolymers, is of little commercial significance due to the limited 
heat stability encountered at the high temperatures required for plastic working of 
the material. Copolymerization, for example, with vinyl chloride or acrylonitrile, 
greatly increases the softening range, making it suitable for conventional plastic 
extrusion or injection molding fabricating techniques at temperatures well below its 
decomposition temperature. Although the exeellent properties of the homopolymer 
must be sacrificed to some degree by copolymerization in order to obtain the neces- 
sary processing characteristics, these copolymers are, nevertheless, noted for their 
excellent chemical resistance and vapor barrier characteristics in combination with 
other desirable propertics. Saran is produced in shapes by the usual extrusion and 
injection molding techniques. It can be fabricated into high-strength monofilaments 
or thin, highly impermeable films by a process of erystalline orientation, and is also 
used in numerous applications in coatings. 


Vinylidene Chloride Monomer 


Vinylidene chloride monomer (1,1-dichloroethylene), formula weight 96.95, 
is a colorless liquid which has a sweet pleasant odor, although it develops a sharp dis- 
agreeable odor alter contact with air. It polymerizes slowly in the absence of oxygen. 
Table I lists its important properties. 

Preparation. The monomer can be conveniently prepared in the laboratory by 
the reaction of 1,1,2-trichloroethane (see Vol. 3, p. 765) with aqueous alkali: 


g0°C. 
2 CHeCICHC], + Ca(OH): —— 2 CHy=CCh + CaCh + 2 H.0 


Although this general reaction was used by many early investigators, it became the 
subject of several later patents (13,14). Vinylidene chloride monomer can algo be 
obtained by the catalytic cracking of trichloroethane as well as by other methods. 
Monomer is commercially prepared by the dehydrochlorination of trichloroethane 
made by the chlorination of ethane. 

Storage. _ Vinylidene chloride monomer handling requires certain safety precau- 
tions. The monomer is flammable, buming strongly but not violently. The vapors 
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TABLE I. Properties of Vinylidene Chloride Monomer. 








Property Value 

Bop. Ce cece cece teen as 31.7 
M.p., °C... —122.53 
MD eee c cet e teen teetvenenees 1.2181 
dd/di, APPYOX.. cece eee ees 0.0016 
Moe eee eect verb ebb ee ene reer eevens 1.4271 
Vapor pressure, nm. 

At QO cece eee eas 215.9 

At 2B. ccc cece ences 599.0 
Viscosity, centipoises 

Fa 0 ek Or 0.422 

B10 © 0.358 

Pee | ik © 0.292 
Sp-heat, cal. /(g.)(OC) cece eee 0.27 
Heat of polymerization, kg-cal./mole.........2. 0 .......... 14.4 
Heat of fusion, cal./g.....0. 00000 ce ce cece cee ee eae 1.7 
Heat of vaporization, cal./g..... 0. eee 66.8 
Flash point, Cleveland open cup, °C........0.00. 0.000.000, —10 
Jixplosive limit in air at 25°C. %. 0000. eee eee 7-16 
Dielectric constant at 1,000 cycles/sec.,....0.00 0000.00.00... 4.5-5.0 





are hazardous to breathe. For regular daily operations, vapor concentrations should 
not reach more than 100 p.p.m. Prolonged or repeated contact of the skin with mono- 
mer should be avoided to prevent skin irritation. 

The storage of uninhibited monomer is conducive to peroxide formation which 
presents an explosion hazard. When vinylidene chloride is stored without a poly- 
merization inhibitor at temperatures below about 25°C. m the presence of air or 
oxygen, the oxygen dissolves and reacts rapidly to form a peroxide compound of un- 
determined structure. This peroxide may be a polymerization catalyst, and its for- 
mation is often accompanied by the precipitation of a floceulent vinylidene chloride 
polymer. This peroxide compound is violently explosive, and since it is adsorbed on 
the precipitated polymer, any separation of this polymer by filtration, evaporation, 
or drying will result in an explosive composition. Any such composition containing 
more than about 15% of the peroxide will, if dry, detonate from a slight mechanical 
shock or from heat. Compositions that contain reaction products of vinylidene 
chloride and ozone are particularly dangerous. It may be noted that polyvinylidene 
chloride free of peroxides is not explosive. 

The end products of the slow decomposition of vinylidene chloride peroxides are 
formaldehyde, phosgene, and hydrochloric acid. Therefore, if the monomer has a 
sharp acid odor, it has been exposed to oxygen and may contain peroxides. The 
formation of polymer when no catalysts have been added is another indication of 
possible oxygen contamination. The presence of peroxides may be confirmed by the 
liberation of iodine from a slightly acidified dilute potassium iodide solution according 
to standard analytical procedures. These peroxides may be decomposed and re- 
moved from vinylidene chloride by several washes with fresh 5% NaHSO, solution 
or with 10% NaOH at 25°C. 

Storage of vinylidene chloride in the absence of air or. oxygen is the positive 
method for preventing the formation of peroxides. However, many inhibitors for the 
polymerization of vinylidene chloride have been described in patents (16-18), and 
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there is evidence that phenol-type polymerization inhibitors, when added 10 vinyli- 
dene chloride, will delay or prevent the formation of peroxide compounds. — It is this 
class of inhibitors which is reeommended. 

In research and plant work, monomer residues may be found in bottles, distilla- 
tion flasks, condensers, filters, pipe lines, drums, and tanks. These residues should be 
handled with great care ancl may be rendered inactive by contacting with water at room 
temperature, although upon drymg up, the peroxides will again heeome dangerous, 
Large-scale equipment that is used intermittently should be filled with water during 
shut-down periods. 


Homopolymerization 


Pure liquid vinylidene chloride, free of oxygen, polymerizes very slowly. As 
ordinarily prepared, however, vinylidene chloride polymerizes readily at temperatures 
above 0°C. to form a polymer which is insoluble in the monomer and precipitates as a 
white powder (19). The presence of dissolved oxygen, which reacts to form peroxides 
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_Fig. 1. Polymerization of vinylidene chloride (eatalyst: 
0.50% benzoyl peroxide; temp. 45°C.; dark) (7). 


and acid chlorides, catalyzes the polymerization, Although vinylidene clioride is 
not strictly a vinyl compound, much of the technique of vinyl] chloride polymeriza- 
tions is applicable, The preferred polymerization cutalysts for vinylidene’ chloride 
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are of the free radical type, such as peroxides, potassium peroxysulfate, and 2,2’-azodi- 
isobutyronitrile. 

Benzoyl peroxide in concentrations of 0.05-2.0% has been used frequently in 
laboratory work, and a typical polymerization curve is shown in Figure 1. The 
straight-line nature of these curves is characteristic. The benzoyl peroxide-catalyzed 
polymerizations have little, if any, induction period above 30°C., but usually show a 
lower polymerization rate for the first few per cent conversion. This behavior is 
illustrated by the enlarged portion of the curve inset in Figure 1, 

The use of other catalysts or combinations of catalysts causes wide variation in 
polymerization rates but, in general, does not change the shape of the curves. Ther- 
mal polymerization of vinylidene chloride without added catalyst usually does not 
occur at a rate sufficiently high to be useful, but photopolymerization has heen success- 
ful both with and without auxiliary chemical catalysis. Light of wave length less than 
4500 A. causes polymerization at temperatures as low as —35°C. 

Since the polymer is not soluble in the monomer, a solid phase appears during 
the polymerization of vinylidene chloride. In mass or bulk polymerizations, where 
only monomer and catalyst are present, the polymer appears as a Alocculent precipitate 
until between 10 and 20% conversion, when the slurry becomes solid. Above 20%, no 
liquid is visible, and the porous solid becomes harder with increasing polymerizatiou. 
With proper choice of conditions, the reaction reaches 100% conversion to polymer 
and results in a heat evolution of about 14,400 calories per mole of monomer. To 
control the rate of polymerization and the physical characteristics of the product, it is 
often desirable to disperse the monomer in a solvent or an immiseible liquid and con- 
duet the polymerization in solution, emulsion. or other dispersed system (23). The 
products of different polymerization methods differ only in minor details. 

Polyvinylidene chloride, —-CH,CCh—),, molecular weight 10,000-100,000, is a 
white, porous and nonflammable powder with a softening range of 185-200°C. and a 
decomposition temperature of about 225°C. When fused and cooled, the polymer is 
colorless and nearly transparent. In either form, polyvinylidene chloride possesses 
two outstanding characteristics; crystallinity, as determined by x-ray diagrams, ancl 
insolubility. (It is insoluble in practically all organic solvents at temperatures below 
100°C., and is unaffected by common reagents at temperatures below 100°C.) 

The distinetive properties of polyvinylidene chloride are given in Table IT, The 
utilization of the polymer as a plastic material in the ordinary sense is difficult because 
of its high softening range, its tendency to evolve hydrogen chloride at the tempera- 
tures required for plastic working, and its incompatibility with the usual plasticizers. 
These properties, not necessarily disadvantages, are characteristic of the molecule; 
but despite them, polyvinylidene chloride can be worked by special methods to pro- 
duce a unique plastic material. For general use, the properties of the polymer are 
best modified by copolymerization. 


TABLE IL. Properties of Polyvinylidene Chloride. 











Property ; Value 
Softening temp., °C... ee eee 185-200 
Decomposition temp., °C... 0... ees 210-225 
Density, at 80°C., @ etiam... 2... eee 1.875 
30 


WD ee nett ees 1.63 
Source: Ref, (7). 
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Copolymerization 


Vinylidene chloride forms copolymers with many substituted ethylones (partic- 
ularly the common vinyl compounds), with dienes and their derivatives, and with a 
number of other unsaturated compounds. Specific examples are described in many 
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Fig. 2. Copolymerization rate of vinylidene chloride and vinyl chloride as a function of monomer 
composition (catalyst 0.50% henzoy] peroxide; temp. 45°C,; dark) (7). 
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Fig. 3. Copolymerization of vinylidene chloride and vinyl chloride 
(catalyst 0.50% benzoyl peroxide; temp. 45°C.; dark; approx. 50% 
polymerization) (7). 


patents. The most important copolymers of vinylidene chloride are those with 
vinyl chloride (10,21,34,36) and acrylonitrile (35), _ Other compounds that are known 
to copolymerize with vinylidene chloride are vinyl acetate (21), styrene (22), esters of 
acrylic and methacrylic acid (11,26), butadiene and its derivatives (12,15,31), various 
unsaturated esters (24,27), unsaturated ethors (25), and halogen-substituted pro- 
penes (28), 
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In general, when vinylidene chloride is copolymerized, each mixture of monomers 
has a different polymerization rate and produces a polymer of different composition. 
In the case of vinyl chloride, the product contains a larger proportion of vinylidene 
chloride than the original monomer mixture, and the rate of polymerization is slower 
than for either monomer alone. A typical case is illustrated by Figure 2. Although 
vinylidene chloride and vinyl chloride have nearly identical polymerization rates with 
0.5% benzoyl peroxide at 45°C., mixtures of the two monomers may have but one- 
tenth the polymerization rate of either component. 
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Fig. 4. Specific viscosity of vinylidene chloride-vinyl acetate copolymers as a function of polymer- 
ization temperature (monomer composition 85% vinylidene chloride, 15% vinyl acetate; catalyst 
0.50% benzoyl peroxide; dark; solution, 2% in o-clichlorobenzene at 120°C.) (7}. 


Except in rare cases, the products are true copolymers and contain little or none 
of the individual polymers. Figure 3 shows the average polymer compositious pro- 
duced from a number of monomer mixtures. Since the polymer contains more vinyli- 
dene chloride than the monomer the vinyl chloride concentration in the mouomer 
increases as polymerization progresses. Consequently the product of such a poly- 
merization, usually contains a wide distribution of copolymer compositions in. addition 
to the distribution of chain lengths. 

The rate of peroxide-catalyzed copolymerization is increased by imereasing the 
concentration of catalyst or by raising the temperature. Normally a balance between 
the two is arrived at in order to obtain the desired molecular weight. Increased tem- 
perature is preferable to higher catalyst concentration as a means of increasing the 
polymerization rate. The relation of viscosity (that is, chain length) to polymeriza- 
tion temperature for these copolymers is shown in Figure 4. The rapid change of 
specific viscosity with polymerization temperature is believed due to the chain transfer 
effects of vinylidene chloride. 

The methods used for polymerizing vinylidene chloride are applicable with cer- 
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tain changes to the formation of its copolymers. However, the widely varying poly- 
merization rates and the heterogeneous copolymers introduce important complications 
in the study and development of both process aud products. 

Vinylidene chloride copolymers may be analyzed hy standard methods. Deter- 
mination of the percentage chlorine 1s usually sufficicut to give the average composition, 
although, as mentioned by Berger (1), the results obtained by this method may be in 
errot by several per cent. Chain lengths are comparatively measured by the deter- 
mination of solution viscosity, but owing to the extremely limited solubility of certain 
copolymers, it is often neeessary to use only the best solvents ut temperatures of 120°C. 
or above. 


STRUCTURE 
In contrast to most organic thermoplastics that exist only in the amorphous state, 
polyvinylidene chloride and its copolymers exist in a crystalline state. X-ray diffrac- 
tion methods indicate a high degree of crystallinity for vinylidene chloride homopoly- 
mers but a proportionately lesser degree of crystallinity aud an appreciable amount of 





Fig. 5. Chain configuration of polyvinylidene chloride. (Scale of intoer- 
atomic distances expanded with respect to that of atomie radii.) Bach Cl and 
H atom is one of a pair, of which the other is not shown. 


amorphous materi for the copolymers. This is the normal crystalline ‘“as-poly- 
merized” state for these polymers. 

If a polymer or copolymer of vinylidene chloride is melted at a temperature 
sufficiently high +o destroy its crystallites, the material becomes completely amorphous. 
Amorphous polymer, upon being rapidly cooled to a low temperatiure, remains amor- 
phous. Storage of the amorphous material at suitable temperatures permits control 
-of the recrystallization rate. Amorphous polymer, upou standing at room tempera~ 
ture, or upon being heated without remelting, reverts to the normal state of high 
crystallinity. The crystallization induction time for amorphous vinylidene chloride 
homopolymer is so short that it is difficult to cool it from an elevated temperature 
rapidly enough to maintain the amorphous state. The induction time increases with 
inereasing comonomer concentration. 

A third modification of these polymers and copolymers is the oriented erystalline 
state, produced by severe mechanical working, as by stretching, of either completely 
amorphous or partly crystalline polymer. Orientation lines up the crystallites in the 
direction of stretch and produces a tough, strong, flexible material. 

Accurate measurement and analysis of x-ray diffraction patterns, together with 
the above considerations, lead to a concept of the structure of polyvinylidene chloride 
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which is adequate to explain the observed physical phenomena. <A single chain of 
polyvinylidene chloride is believed to have the structure of Figure 5. Monomer units 
are joined head to tail, with a serpentine configuration of carbon atoms. With a ear- 
bon valence bond angle of approximately 120° and a carbon-carbon distance of 1.55 A., 
an identity period of 1.68 A. results. A slightly different structure is offered by Ful- 
ler (3) who suggested a zig-zag arrangement of carbo atoms with the chain shortened 
by partial rotation. 

Solution viscosity and osmotic pressure measurements indicate a range of chain 
lengths of 100-1,000 monomer units. As with other high polymers, the chain length 
is an inverse function of the polymerization temperature and the catalyst concentra- 
tion. Determination of the branching coefficient, n, by the method of Houwink (5) 
givesn = 1, This unusually low value and the marked tendency to crystallize are 
strong evidence that the chains are not branched. In the amorphous state they are 
randomly distributed and probably highly curled. Crystallization involves the move- 
ment of portions of such molecules into a macromolecular lattice which has no well 
defined boundaries. 

The unit cell of polyvinylidene chloride is monoclinie and contains four —CH»- 
CCl— units. Its dimensions have been determined accurately as follows: a = 13.72 
+0.015 Av; b = 4.68 + 0.0L A.; ¢ = 6.31 4 0.01 A.; sin 6 = 0.8212 + 0.015; vol- 
ume of cell = 332.7 A’, 

The dimensions of the crystallite are believed to be about 20--30 A. parallel 10 the 
chain axes. and about 200-500 A. at right angles. In the erystalline portions the chains 
are essentially parallel, although the long-chain molecules undoubtedly traverse both 
ervstalline and amorphous regious. The comparatively low proportion (20-40%) of 
erystalline regions in fused and recrystallized polymer, and the high ratio of length to 
diameter of the molecules, indicate that the amorphous regions are probably the con- 
tinuous phase, Such a picture is not one of mesomorphic arrangement or a crystalline 
modification dispersed in an amorphous one, but rather of a continuous transition be- 
tween erystalline and amorphous material. Both modifications share in determining 
the ultimate physical properties. 

Copolymerization introduces units in the chain that tend to destroy its regularity 
and consequently its ability to crystallize, although the introduction of small amounts of 
other monomers merely results in minor discontinuities in the crystalline regions. The 
magnitude of the effect varies with the structure of the copolymerizing molecule. 
The vinylidene chloride copolymers become essentially noucrystalline when the mono- 
mer mixture coulains more than 50% vinyl chloride, 20% ethyl acrylate, or 15% 
acrylonitrile. Other effects of copolymerization that are related to the decreased 
crystallinity are reduced softening temperature and tereased solubility in organic 
solvents. 


EFFECTS OF CRYSTALLINITY 


The erystalline copolymers of vinylidene chloride (with the exception of the as- 
polymerized powders) are hard, tough materials resembling ordinary plastics in many 
respects. In the amorphous state these polymers are soft, rubbery, capable of being 
mechanically worked, and tend to crystallize on standing at room temperature. 
The oriented modification is strong, tough, and very flexible. It is these copolymers 
that possess the most advantageous combination of properties for commercial molding 
andextrusion. 
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Saran has a very narrow softening range which is characteristic of the crystalline 
polymers and copolymers of vinylidene chloride. A few degrees above the softening 
range these polymers have a sharp, reproducible crystalline melting point which can 
be observed by the change in light transmission of a sample heated between crossed 
polaroids. This temperature probably corresponds to the melting of the most stable 
crystalline regions. The process of melting is comparable to the solid-liquid transition 
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Fig. 6. Typical flow curves of a crystalline vinylidene chioride~vinyl chloride 
copolymer and polystyrene (flow reading is the equilibrium thickness attained 
by a film of plastic subjected to 4 constant load between parallel polished plates 
heated to the temperatures shown) (7). 


of crystalline compounds of lower molecular weight. At higher temperatures the mol- 
ten polymers may be quite fluid. The flow data in Figure 6 illustrate the sharp 
softening point of a crystalline vinylidene chloride-vinyl chloride copolymer as 
compared with polystyrene. 

When a normally crystalline copolymer is heated to a temperature sufficient to 
melt the crystalline portion and then cooled rapidly to a low temperature so that no 
recrystallization occurs, it remains amorphous and is said to have been supercooled 
(30). When so treated, the tendency to crystallize is a function of many variables. 
The most important of these are the copolymer composition, the time and tempera- 
ture of storage, and the presence of addition agents such as plasticizers. Figure 7 
shows the wide variation with temperature of the induction time that elapses before 


VINYL COMPOUNDS (VINYLIDENE CHLORIDE) 745 


recrystallization begins. This induction period, as measured between crossed polar- 
oids, is a reproducible quantity for any copolymer composition and treatment. Due to 
the short induction period at the lowest portion of the curves, very rapid cooling of the 
amorphous material is necessary to prevent recrystallization from taking place. A 
storage temperature of under 20°C. would be necessary to maintain the material 
in an amorphous state for any extended period of time. The effect of certain plasti- 
cizers in reducing the crystallization induction period may be attributed to the in- 
creased mobility of the chains. 

As reerystallization progresses, several marked changes occur in the physical and 
mechanical properties of the polymer. The most important of these are: (1) the 
gradual development of a typical crystalline x-ray diffraction pattern; (2) an increase 
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Fig. 7. Typical crystallization induction period curves for a normally 
crystalline vinylidene chloride—vinyl chloride copolymer. <A, no plasti- 
cizer; B, 7% plasticizer; specimen thickness, 0.050 in. (7). 


in hardness; (8) an increase in the force required to produce deformation; (4) an 
increase in density; (8) evolution of about 3.4 calories per gram of polymer as heat of 
crystallization; (@) a ceerease in solubility; and (7) variations in electrical proper- 
ties. 


ORTENTATION PROPERTIES 


Vinylidene chloride polymers and copolymers exhibit orientation when either the 
crystalline or amorphous modifications are mechanically worked. ‘The degree of orien- 
tation produced may vary depending on the polymer composition and treatment. Ifa 
saran filament is stretched at a temperature somewhat above the crystalline melting 
point and quickly cooled, the strand will show some slight orientation. Crystalline 
saran filaments may also be stretched, with the application of comparatively high 
loads, and filaments so treated will exhibit orientation together with increased strength 
and flexibility. However, if a similar filament is supercooled and stretched before 
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recrystallization begins, a high degree of oricutation results. This treatment may 
be used to produce fibers of exceptionally high strength and flexibility (33). The 
load. elongation curve for a supercooled filament (see Tig. 8) shows that the force 
required for plastic deformation is nearly constant below 300% elongation, but after 
orientation has occurred, elastic elongation requires a relatively high load. Super- 
cooled filaments may be stretched to an elongation of 850-400%, depending on pre- 
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Fig. 8. Typical load-elongation curve for a supercooled filament of a normally crystalline 
vinylidene chloride-vinyl acetate copolymer, plasticized. (Temp. of test, 20°C., Seott IP2 
testing machine, final diameter of filament 0.011 in.) (7). 


vious treatment. The greatest merease in tensile strength oecurs with the last few 
per cent of stretch. Tensile strengths of 100,000 p.s.i. have been obtained with opti- 
mum stretching conditions, but with the sacrifice of other desirable properties. 


Properties of Saran 


The relative insolubility ancl unreactivity of polyvinylidene chloride were noted by 
a number of early workers. These characteristics are not greatly altered by increasing 
copolymerization until the copolymer coutains less than about 85% of vinylidenc 
chloride. Consequently, the commercially available saraus are resistant to the action 
of all but afew common reagents, At room temperature, tetrahydrofuran and tris(di- 
methylamido)phosphine oxide, [(CHs)2N];,PO (hexamethylphosphoramide (C'.A.)), 
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TABLE IIE. Properties of Saran. 





Property 





Sp. gr. 
Fabricating information 
Compression molding 
Temp., °F. 
Pressure, p.s.i. 
Iextrusion temp., °F. 
Injection molding 
Temp., °F. 
Pressure, p.8.i, 
Mold shrinkage, in. /in. 
Mechanical 
Moduli of elasticity 
In tension, 105 posi. 
Tn compression, 10%, p.s.i. 
Tn flexure, 105, p.s.i. 
Tensile strength, 
Upper yield, p.si. 
Ultimate, p.s.i. 
Compressive properties 
Yield strength, 0.2% offset, p.s.i, 
Strength at 20% deformation, p.s.i. 
Flexural yield strength, p.3.i. 
Elongation in tension 
At yield, % 
At ultimate, % 
Hardness, Rockwell M 
Impact strength, Izod notched, f.-lb./in. of notch 
Thermal 
Flammability (over 0.050 in.), in./min. 
Flow temp., °F. 
Heat distortion, at 264 p.s.i, °F. 
Sp. heat, cal. /(°C.)(g.) 
Thermal conductivity, cal./(see. \(sq.em.)(°C./em.) 
Thermal coefficient of expansion, (in./in.)/°C. 
Optical 
np 
Electrical 
Dielectric constant 
At 60 cycles/sec. 
At 105 cycles/sec. 
At 10° cycles/ser. 
Dielectric strength, short time, 14 in., volts/mil 
Power factor 
At 60 eycles/sec. 
At 103 eycles/sec. 
At 105 cycles/sec, 
Resistivity, volume, (ohin-em.) 
Chemical properties 
Water absorption, 24 hr., % 
Iixposure - 
Color stability 
Resistance to weathering 


forms 


747 


Oriented 
forms 





1.65-1.72 


250-350 
500-5 ,000 
300-400 


300-400 
10, 000-30, 000 
0005-0. 025 


0.55-0.8 
0.55-0.95 
0.58-0.95 


2700-3700 
3000-5000 


2000-2700 
4500-61007 
4300-6100" 


15-24 
50-240 
50-65 
0,3-1.0 


Self-extinguishing 
240-280) 

180-150 

0.32 

3.0 * 1074 

1y & 1075 


1.60-1.68 


4.5-0.0 
3.5-5.0 
3.0-4.0 
350 


0.030-0.045 
0.060-0,075 
0.045-0 065 
ta 147915 


0.1 


Slight darkening 
Slight darkening, 
otherwise ex- 

cellent 


1L.65--1.72 


300-400 


16-23 
15-25 


0.1 





* No failure, continues to compress. 
> No failure. 
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show good solvent action. Tlevating the temperature makes it possible to obtain solu- 
tions with many other solvents such as cyclohexanone, eyclopentanone, dioxane, iso- 
phorone, and o-dichlorobenzene. At room temperatures, saran is substantially un- 
affected by most solvents of the following classes: aliphatic, aromatic and chlorinated 
hydrocarbons, alcohols, esters, and ketones, Inorganic acids and alkalies have little 
or no effect, with the exception of concentrated sulfuric acid, sodium hydroxide, 
and ammonium hydroxide which cause degradation and discoloration. The resistance 
to chemicals or solvents decreases with increase in temperature. The resistance of a 
saran to any chemical is in part a function of the crystallinity of the polymer. It is 
chemically more resistant in the crystallized form than in the amorphous state. 

Saran’s resistance to water is exceptional. A.S.T.M. tests show less than 0.1% 
water absorption in. a 24-hr. period, and a water-vapor transmission rate of less than 
0.2 g./100 sq.in./24 hr. at 100°F. for 1 mil film (4). (Dry ou one side, 95% R.H, on the 
other side.) 

The basic saran polymers are odorless, tasteless, aud nontoxic, Their high re- 
fractive index enhances their many color possibilities. Their toughness and abrasion 
resistance are of a high order, and the retention of these properties upon aging insures 
excellent weaving qualities in filament form. 

In view of the low compatibility of crystalline vinylidene chloride and copoly- 
mers with other materials, it is not surprising that only a limited number of plasticizers 
offer advantages (20,29,32). Plasticized and stabilized copolymer compositions of 
saran are available for molding and extrusion. Heat and light stabilizers, dyes, pig- 
ments, fillers, and lubricants have been developed specifically for many applications. 

Table ITI lists the properties for a range of typical saran formulations, Table IV 
(see p. 753) contains general properties for a one-mil saran film. 


Fabrication and Uses 


Saran is adaptable to the conventional methods for the fabrication of plastics 
with minor modifications of equipment and techniques. 

The extrusion of saran requires machine designs that will permit streamline plastic 
flow with minimum opportunity for plastic hold up to avoid the thermal decomposition 
of the saran in hot zones. Since the decomposition products of satan are carbon and 
hydrogen chloride, special metals of construction are required for the heated sections 
of the extruder to resist attack by hydrogen chloride. The metallic salts of iron, 
copper, tin, and zine catalyze this decomposition. Recommended nickel alloy con- 
struction metals include Duranickel (“Z” nickel) for serews; Duranickel, Xaloy 306, 
Hastelloy D, or Stoody No. 6 for cylinder liners; ‘A’ nickel nosepieces; and Dura- 
nickel dies. Dowmetal (magnesium) can be used for experimental dies but is too soft 
for production die use, 

Plasticized and stabilized saran formulations are available in powder form for use 
in extrusion operations. The powder presents no bullx problem with the serew machine 
and eliminates a costly pelletizing step, Colored forraulations are available as well 
as color concentrates that can be blended with a natural formulation by the fabricator. 

In the extrusion process, saran is heated above its crystallite melting point where 
it becomes completely amorphous and very fluid. In this state it can be extruded 
with no plastic memory, making possible the retention of the desired shape and sur- 
face. The product, when first extruded and cooled in a water batl., is soft, weak, and 
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pliable. If it is allowed to remain at room temperature without further treatment, it 
will gradually harden while partially recrystallizing at a slow rate with a random crys- 
tal arrangement. By means of heat treatment, reerystallization can be produced at 
controlled rates, from a few seconds to several weeks. The rate of recrystallization is 
afunction of temperature as shown in Figure 9. 

The control of extrusion and heat-treatment conditions with saran permits a 
range of product properties to be obtained. (See Table III.) Such products have 
excellent fatigue life. 
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Fig. 9. Reerystallization time of a typical saran versus temperature. 


A few of the applications for extruded saran that appear to be of interest include: 
rods for making gaskets, valve seats, ball checks, and medicinal probes; chemically 
resistant flexible tubing and pipe; and chemical conveyor belts. 

Saran-lined pipe for the industrial transport of corrosive chemicals is fabricated by 
swaging to size an oversize steel pipe on an extruded saran pipe liner. In addition to 
its good chemical resistance and long life, this pipe is easily installed by conventional 
tools and requires no special support. Flanged joints using saran gaskets are used to 
connect lengths of pipe and fittings. Fittings are lined with injection-molded saran 
liners. Saran-lined pipe is not recommended for low-temperature use due to the low- 
temperature brittleness of these formulations. 

A second method of saran fabrication is that of injection molding. This method 
makes possible the production of intricate shapes having properties similar to those 
obtained by extrusion, Here again, the equipment involved consists of the conven- 
tional-type injection molding machines modified only as to contact metals and designs 
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through the heating eylinders. The fundamentals of design include the same 
coutact metals as listed for extrusion, strict streamlining, and the reduction of the 
thickness of plastic sections in the heating zones. tonventional injection molding die 
designs and die metals can be used. 

The injection molding of saran is unique. With other commercial thermoplastics, 
the use of cold molds hastens the cooling of the molded parts and shortens the cyele. 
With saran, the reverse is true. Cold dies produce soft, flexible, amorphous pieces, 
Rapid hardening is accomplished by heat treatment to produce recrystallization. 
This is done by using heated dies. When injection molding heavy saran sections, 
heatecl dies allow the picce to retain its heat and thus rapidly recrystallize. Under 
these conditions saran can be ejected from the mold at temperatures as high as 100°C. 
in a strain-free, warp-frec, dimensionally stable form. ‘his promotes very rapid 
cycles with heavy sections. In fact, saran moldings have been produced with quarter- 
inch sections in a 17-second cycle. 

Injection-molded saran played a part in national defense. Many of its applica- 
tions were replacements of metals and uot of other thermoplastics. Comparative 
tests showed that, in many instances, saran was the only material that would satisfy 
the industrial requirements for the replacement of such strategic materials og nickel, 
aluminum, stainless steel, and rubber in applications requiring chemical resistance. 

Tu addition to the above uses, injection-molded saran ean be used in the more 
familiar types of plastic applications which make use of its mechanical properties, 
exceptional chemical resistance, and attractive colors. 

Saran can be compression molded, diffcring from other thermoplastic materials 
only in that it requires the same selection of metals for the dies as listed for hot zones in 
extrusion equipment. However, like other thermoplastics, the economic considera- 
tions usually favor injection molding over compression molding. 

A fourth method of saran fabrication, that of erystal orientation, brings out the 
unusual properties of saran. The oriented form is produced by extrusion, subsequent 
plastic deformation as by stretching, and heat-treatment. It is thus possible to 
obtain continuous extrusions of monofilament, tape, or film having exceptional prop- 
erties. While the method is not complex, i does reqnire special control and careful 
attention to the techniques involvecl. 

In the production of oriented saran extrusions, the molten amorphous plastic is 
extruced in the shape of the desired section into a water bath where rapid cooling pre- 
vents recrystallization from taking place. The cooled extrusion will then remain in the 
amorphous or supercooled state for a sufficient period of time to permit cold-working 
or orienting operations to be carried out, The orientation process provides a method of 
effecting a plastic deformation and partial recrystallization of the shaped, supercooled 
material. 

Figure 10 shows a typical saran monofilament extrusion and orienting process. 
The molten saran may be extruded from a cirenlar strand dice into a cool water bath 
where it is supercooled. The supercooled strands are gathered by a guide shoe and led 
to the take-off rolls of the orienting section. Several wraps around the smooth take- 
off rolls is sufficient to provide a positive uniform withdrawal of the strands from the 
extrusion unit. The gathered strands are then wrapped several times around the ori- 
enting rolls which have a linear speed about four times as fast as the take-off rolls. Due 
to the difference in roll speeds, the strands are elongated under coutrolled conditions 
between the talce-off and orienting rolls. During this mechanical stretching, a partial 
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recrystallization of the sarau and orieutation of the crystallites along the major axis 
of the strands take place. The reduction in cross-sectional area is approximately 
proportional to the elongation. The ultimate size and uniformity of the filaments is 
governed by the speed and uniformity of the withdrawal rate. The oriented filaments 
are then separated and led to individual spools on the spooling unit. Heat-treatment. 
after or during stretching may be used to affect the degree of crystallization desired 
and thus control the properties of the oriented filaments. 
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Fig. 10, Saran monofilament extrusion. 
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Fig. 11. Saran film production flow diagram. 
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The above method produces orientation in a single direction with resulting uni- 
directional properties of high tensile strength, great flexibility, loug fatigue life, and 
good elasticity which are particularly desirable for small monofilaments where the load 
is along the longitudinal axis. In larger, noncircular sections such as tapes and ovals, 
the desired degree of transverse orientation can be realized and accompanying trans- 
verse properties controlled through the introduction of other factors in the process, 
For example, a rolling operation incorporated after the quenching step produces some 


flattening and transverse orientation of the strand with a resultant increase in trans- 
verse strength, 
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Saran monofilaments and fine fibers have contributed many useful properties to 
the textile industry. Among them are long life, low moisture absorption, chemical 
resistance, ease of cleaning, fire resistance, insect resistance, flex life, and bright 
built-in colors. Woven monofilament fabrics, produced on standard textile equip- 
ment, have been used in many varied home furnishing and industrial applications. 
In the home furnishing field, saran is used for upholstery webbing and drapery fabrics. 
Fine saran fibers are used in carpeting. Industrial uses for sarau fabries include auto- 
mobile primary upholstery and seat covers, filter cloths, fish nets, and transportation 
seating. Other uses include insect screening, doll hair, and manikin wigs. Sec also 
Textile fibers (acrylic and vinyl), Vol. 13, p. 836. 

Another orientation process is used in the production of saran film for industrial 
aud household packaging use. The household film is called Saran Wrap. Saran 
film is a transparent and flexible thermoplastic possessing outstanding properties which 
make it exceptionally well suited for packaging foods, pharmaceuticals, chemicals, and 
other products. This film is highly impermeable to water vapor and most gases, thus 
making it an ideal transparent barrier for difficult packaging applications. It is 
resistant to and unaffected by most chemicals and consequently finds use as « cap- 
liner material in the closure industry. 

Saran film is made by supercooling an extruded tube and subsequently orienting 
it In a continuous process. Figure 11 shows a saran film production flow diagram. 
In starting extrusion, air is injected into the supercooled amorphous tube after it 
leaves the water tank. This forms an entrapped air bubble in the tube. Once 
the process is started, this entrapped air bubble remains stationary while the extruded 
tube is oriented as it passes around the bubble. The resulting film is oriented in both 
longitudinal and transverse directions giving it excellent tensile strength, elongation, 
and flexibility, as well as transparency. 

The properties of a one-mil saran film are given in Table IV. Other properties of 
interest include gas transmission rates and dimensional stability. 

A one-mil saran film gives the following dry-gas transmission rates at 77°T, and 
760 mm. Hg in cubic centimeters per 100 square inches por 24 hours: COs, 2.4; No, 
0.11; O2,0.56; He, 13.4; He, 38.0; Air, 0.15; Freon F-12, negligible. 

Saran films, being highly oriented in the proecss of manufacture, exhibit some 
shrinkage when exposed to higher than normal temperatures. This may be desirable 
in some instances; for example, the heat-shrinking of overwraps on packaged items. 
Tt may also present a drawback in some applications; for example, in printing and 
laminating processes. In this case, preshrinking operations can be performed which 
minimize the residual shrink in the film, 

The electronic or dielectric seal is the most satisfactory type for sealing saran film 
to itself. The bond strength of the electronically fused weld equals the strength of the 
base film. The heat-sealing temperature of saran film is between 280 and 300°F, 
Heat sealing with hand or hot plate sealers will give a “peelable” seal which is satis- 
factory for sealing airtight overwraps, although the material may not be actually 
fused. Impulse sealers, solvent- and cement-type seals, and mechanical closures have 
been used with success. The “clinging” property of Saran Wrap, due to the combina~ 
tion of flexibility, smooth film surface, and static effects, provides a suitable closure for 
refrigerator dishes and loose overwraps. 

Saran film can be printed by all of the usual methods employed in roll printing 
including rotogravure, aniline or Flexographic, letterpress, and go-called roller printing 
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with the aid of special inks. Modified bag-making machinery is available for the 
automatic production of saran film bags for the packaging industry. 

Saran finds many uses in the field of plastic coatings; the saran used is a copoly- 
mer of vinylidene chloride and acrylonitrile, and solvent and latex processes are 
applicable. 

The solvent process of applying coatings (saran lacquers) has been used satisfactorily 
in producing corrosive-resistant tanker and tank-car linings for the transport of refined 


TABLE IV. Properties of a One~Mil Saran Film. 








Property Value 
LS) 1.68 
Area factor, qin /lb.. tee tenes 16,800 
Water vapor transmission, g./100 sq.in./24 hr. at 
1OO°R. and WBuh... ee ee veces. 0.20 
Water absorption... 000. ec cee Negligible 
Bening letmpes “Press ose ec senses on verse .. 280-300 


Burning rate... 0000 cent eee Self-extinguishing 


Sp.heat, B.t.u,/(b.C°F.).. _ Llc e et beens 0.32 
Thermal conductivity, B. ba u. ‘/(see. (aq. tt YX oR, fin.) cee eee eee 1.8 % 1078 
Resistance to heat, intermittent... ........0.00 00.0000 2 ee eee Up to 200°F, 
Resistance to heat, continuous........0.0000.-.. 0.00005. ... Up to 140°F, 


Resistance to cold... 2.0.0.0... 0000 cee 


eens .... Good flex at O°F. 
Tensile strength, psa... ee 


Lee eee 7, 000-15 , 000 


Flongation, J... ee eee 20-40 
Bursting strength, p.s.i. (Mullen)... 2.0.0... 0.0.. 0.00.02 eae 35 
Tear strength, g, Elmendorf....,.....0..0..00..0-..0.22 02 20 10-20 
Polding ondurance, M.I.T., I-kg, load... eee 500 , 000 
WWE oe eee eee bebe e babe t ees 1.602 
Transmission of white light, %.........0.00. 0.0.00... 0000s .... 90 
Tiltraviolet cutoff, Av... ce ce eee 3000 
Transmission of infrared, %.......... ee betes 88 
Resistance to sunlight.....0000 00000... e eevee ee eeeeees. Good 
Dielectric constant , 

At 10? oyeles.. eee 4.9-5 3 

At 103 eyeles.... 0.0220. ee eects 3.9-4,5 

At 10° cycles... teens 3.4-4.0 
Per cent power factor 

At 10? eycles............-.0.. ee entree teen ees 3.54.5 

At LO cycles... ee eens 5.2-6.3 

At 108 cycles... 0.0 eee eee 3.94.5 
Breakdown voltage, volis/mil.. 0.060006. cee eee 3, 000-5, 000 
Surface resistivity, ohms.........0.. 00.000. bnew ceeey 1012-1015 
Volume resistivity, (ohm-cm.).....-6 0.60060 c ee eee 1042-1015 





petroleum products such as gasoline. Brushed or sprayed in layers to a thickness of 
0.008 in. on mild steel tanks and then air dried, these saran coatings provide un- 
excelled protection against the corrosive action of gasoline and sea water in tanker 
hulls. With periodic touch-ups every four years, the life of these coatings is extended 
indefinitely (2). 

Saran lacquers are used in coating cellophane on both sides to make coated pack- 
aging films which combine saran’s low water-vapor transmission, strength, dimen-~ 
sional stability, and chemical resistance with cellophane’s excellent handling proper~ 
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ties on packaging machinery. Paper coatings, dip coatings, and sprayed packaging 
are other applications for saran lacquers. 

Saran daieves are mainly used in paper coating and specialty paint applications. 
These latexes permit the formulation of high-solids, low-viscosity, fast-drying, non- 
foaming, solvent-free coating compositions that may be easily and readily applied by 
roller, doctor blade, spray, dip, and brush coating. The use of surface active agents 
and plasticizers in the manufacture of these aqueous dispersions alters certain proper- 
ties of the deposited film, such as moislure-vapor transmission. However, the physi- 
cal properties of coatings deposited from these latexes compare favorably with those 
obtained from saran lacquer systems, 

In the latex form, the saran is present as submieroscopic particles that must fuse 
together when the water evaporates in order to form a film. The addition of plasti- 
cizers during manufacture makes such latexes film-forming under normal drying con- 
ditions. The surfaee active agents used and unique method of manufacture of these 
sarau latexes result in a product with an unusually high surface tension and a natural 
resistance to foaming, This is exactly opposite to the normal behavior of most latexes 
and permits the manufacture of nonfoaming latex coating compositions with excellent 
leveling characteristics. 

Saran latexes deposit smooth, transparent, tongh, glossy films on air drying. The 
use of a high-temperature fusion step at or near the end of the drying cycle will result, 
however, in improved film properties. Initially, films from the latexes are almost 
colorless. Normal aging in light will result in a darkening of the films. Since this 
darkening is not accompanied by a great loss in the physical properties of the films, 
the Jatexes may be used for all types of applications, both indoor and outdoor, except 
where color retention is the prime requisite. The amount of darkening is sufficient 
to cause discoloration of white and pastel coatings, but not cnough to be objectionable 
for most other colors. 

The performance of saran latexes in industrial maintenance paints, where good 
resistance to oils, chemicals, solvents, and moisture is needed, has been very good, 
The good abrasion resistance of saran latex coatings is being utilized in the formulation 
of long-wearing oil- and grease-resistant floor and masonry paints. Other commercial 
applications include paper coatings, adhesives, textile coatings, spray packaging, and 
dip coatings. 
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VISCOMETRY 


Viscometry is concerned with the measurement of flow properties of substances, and 
hence is 2 brauch of rheology (q.v.). In the measurement of viscosity it is necessary to 
distinguish Newtonian, or true viscous flow, and non-Newtonian flow. Newtonian 
flow is the irreversible deformation of fluids that occurs in such a manner that the rate 
of strain in shear is proportional to the shearing stress. Iluid flow may exhibit a 
number of deviations from this behavior and may include elements of elasticity (sce 
Rheology). This article will deal with the measurement of Newtonian viscosity, al- 
though some of the instruments discussed can be used also to measure nonviscous ele- 
ments such as plasticity and elasticity. 


Principles 


Newton’s Law. Viscosity is the internal friction of flowing substances. It can 
be measured readily under conditions of lamellar flow. Lamellar flow, or laminar 
flow, is such that the flow of liquid can be considered to consist of thin planes of lam- 
inae flowing past each other at different velocities. When the flow does not conform to 
this pattern it is called turbulent. Laminar flow is usually represented by imagining 
the behavior of a liquid separating two parallel plates, one of which is stationary, while 
the other is moving with constant velocity past it in its own plane. In order to keep 
the velocity constant, a force must be applied to the moving plate which Newton as- 
sumed to be proportional to the area of the plates and to the velocity gradient, of the 
fluid between the plates: 


f« Av/h = q Av/h (1) 

n = fh/Av (1a) 

where f = force; 7 = viscosity coefficient; A = film thickness; A = area of 
plate; and vy = velocity of plate. The proportionality constant is characteristic 


of anormal” fluid at given pressure and temperature, and is called the viscosity co- 
efficient or, for short, the viscosity of the fluid. The dimensions are seen to be q = 
g./om.-sec, = dyne-sec./sq.cm.-poises. Viseosity, then, can be measured by observ- 
ing any one of the variables of equation (1a) while the others are held constant at a 
known level. 

The definition of absolute viscosity according to Newtou’s law involves the meas- 
urement of a tangential force acting on a moving plane. This is done in practice in 
rotational and oscillational viscometers. The former, or Conette-type viscometers, 
are based on Newton’s law, and the mathematical treatment is far simpler with this 
type of system than with the oscillational type. However, it is difficult to provide an 
instrument with uniform rotation and as free from vibration and eccentricities as re- 
quired for precise measurement. It is easier to construct a system that is made to 
oscillate about a mean position and to measure its response to the viscous resistance it 
encounters, 

Poiseuille’s Law. Laminar flow also occurs when fluids flow through tubes with 
moderate velocities. The thin layer of fluid in contact with the tube wall is probably 
stationary; the next layer flows slowly, aud the adjacent layer faster. The fluid then 
flows as if it consisted of many thin concentric cylinders, each moving with a constant 
velocity which increases from the wall toward the center of the tube. Poiseuille 
studied the flow in capillaries and found that the volume of liquid passing through a 
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capillary in unit time was proportional to the pressure, to the fourth power of the 
radius of the tube, and inversely proportional to the length of the tube: 

v 

-= K— 2 

; ; (2) 
where p = pressure clifference between tube ends; r = radius of tube; » = the total 
volume of liquid flowing; J = length of tube; 4 = time of flow; and K = proportion- 
ality constant. On the basis of this relation, other physicists (Wiedeman, Hagenbach), 
developed what is known as Poiseuille’s law: 


mr'pl 
Sul 


Tn this derivation it is assumed that 0 /f is small and that the velocity with which 
the liquid leaves the tube is negligible. In practice this is not tre and appropriate 
corrections have to be made. 

In the measurement of flow through capillaries, the density of the liquid enters 
into the relationships more immediately since the pressure term in equation (8) is 
frequently represented by the gravitational pull of the column of liquid being measured. 
The time of passage of liquids through many Ostwald-type viscometers is approxi- 
mately proportional to the ratio of the viscosity of a liquid to its density under the 
same conditions, and this ratio is known as kinematic viscosity : 


n 

yaa (4) 
where »y = kinematic viscosity at temperature f; 7 = absolute viscosity at temperature 
i; and d, = density of the liquid at temperature ¢. The kinematic viscosity is a term 
of basic importance in fluid dynamics. Since this quantity is immediately and quite 
precisely observable with relatively simple equipment, the concept and measurement 
of kinematic viscosity has assumed great importance in industrial activities as well as 
in the theoretical considerations mentioned. 

Stokes’s Law. If a body is moved through a fluid, the fluid contiguous with the 
body can be considered as having zero velocity with respect to the solid; adjacent 
layers are set in motion by the viscous drag as in the systems discussed previously. 
By using the principles of hydrodynamics it is possible to calculate the frictional 
forces due to viscous drag on bodies having simple shapes. Stokes in 1845 derived the 
relation pertaining to the motion of a sphere: 


f = 6rrvn (5) 


in which jis the force causing the sphere to move through the fluid at constant velocity, 
v, and r is the radius of the sphere, If the sphere is allowed to fall freely through a 
fluid, the sphere will be accelerated until the viscous force exactly balances the force 
due to gravity, and: 


4 
6rrvn = 3 (ds — dy)g (6) 


where d, = density of the sphere and d; = density of the fluid. From this equation 
we obtain the usual form of the Stokes equation 
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7 = ar(ds ~ dy)9 (7) 


This relation can therefore he used, given the radius of the sphere and the densities 
involved, to determine the viscosity of a fluid by observing the velocity of fall of the 
body in the fluid. This applies to many systems, such as liquid drops falling in gascous 
mediums, or solids in liquids, and others. The former system figured in the determina- 
tion of Avogadro’s number by Perrin (1908); the latter is commonly used in the deter- 
mination of the viscosities of liquids in such instruments as the Héppler falling-ball 
viscometer and others. 


Effect of Variables 


Temperature. So far the attempt has been made to speak in general terms of 
“fuids,’ which include any flowing body, gaseous, liquid, or quasi-solid. In their 
temperature dependence of viscosity, however, gases differ from liquids. The vis- 
cosity of gases increases with increasing temperature, while that of liquids decreases. 
In gases an increase in temperature results in a larger mean free path and in an in- 
creased average energy of molecular collisions. In liquids, where the molecules are very 
close together, the overriding effect of temperature is bo decrease viscosity by incrcas- 
ing the distance between molecules, thus lessening the number of collisions, 

The viscosity of gases van be computed from the kinetie theory, at least to the 
extent to which they approximate ideality. The viscosity should be proportional to 
the kinetic energy of the molecules, and thus to the square root of the absolute tem- 
perature. Actually the increase in viscosity is more rapid than calculated from the 
foregoing statement. The assumption that the molecules do not influence cach other, 
on which this relationship is based, therefore cannot be accepted, and modified rela- 
tionships have been formulated, of which that of Sutherland is very useful over a 
large temperature range: 

n’ = aT /T"\'? AL - (G/P)) (8) 
f+ (C/P)] 

where 7',n” = viscosities at two temperatures, 7” and 7” in °K. and C = a constant. 
The viscosities of the gas are measured at two temperatures, the constant Cis calculated, 
and the viscosity can then be computed for any temperature. Tor very low tempera- 

tures, use is made of Chapman’s formula: 
nea cep ELE CLE) CP (9) 

fl + (C/T) — CY/T')?) 

No theory of liquids is available that will permit a similar computation of the 
viscosity of a Hquid and its temperature coefficient. A number of equations, however, 
have been developed on the basis of some simple basic assumptions. Andrade (1) 
imagined that the molecules of a liquid were continually associating and dissociating, 
transferring momentum in the process of associating. The higher the temperature, 
the less the tendency to associate; from this basis he derived, following Boltzmani’s 
theory of association, the formula: 





y= Bell (10) 


where B and } are constants to be determined empirically. 
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An elaboration developed by Andrade to allow for the change of volume, », and 
of potential energy with temperature gave: 


nw’ = Aet (11) 


cis related to van der Waals’ constant @ since the potential energy of a van der Waals! 
fluid is a/v. These formulas hold remarkably well for many nonassociated liquids, 
but uot for those where the coordination changes with tempcrature, such as tertiary 
alcohols or water. 

In industry, the temperature dependence of viscosity can become extremely 
important. Where the performance of a product depends on viscosity, and where it is 
applied over a substantial temperature range, its temperature coefficient is likely to 
determine, or at least to figure in, the value of the material, This is true for lubricat- 
ing oils and greases.» For such groups of products special relationships and charts 
have been worked out empirically. Among the best known are the A.S.T.M. charts 
(A.8.T.M, D341-43) and the viscosity index (11) for hibricating oils. These relations 
can be used to obtain by interpolation, and over certain ranges by extrapolation, the 
viscosity of an oil at any temperature after its viscosity has been determined at two 
selected temperatures. In addition the charts can be used to determine approxi- 
mately the viscosity of a mixture of two oils if the viscositics of the unblended oils are 
known. The mixture rules will be mentioned again later. 

The temperature dependence of viscosity is also a strong factor in the design and 
operation of instruments for measuring viscosity. 

Pressure. There surely exists a relation between viscosity and specific volume of 
liquids although no theoretical representation so far has been successful. Since 
pressure influences the specific volume one may expect that it also affects viscosity. 
Bridgman (8) has studied viscosities at pressures up to 12,000 atm. and found that the 
viscosities of nearly all liquids are direct functions of the pressure. The rate of in- 
crease appears to be greater with more complex molecules. Water behaves anoma- 
lously: at temperatures below 30°C. the viscosity at first decreases, then increases with 
rising pressure, showing a minimum at about 1000 atm. which is more marked the lower 
the temperature. At temperatures above 30°C. water does not show this minimum, 
but behaves like other liquids. The viscosities of gases should be independent, of 
pressure, according tu the kinetic theory. Generally this condition holds as loug as 
the pressure is not so low that the mean free path of the molecules becomes comparable 
with the dimensions of the vessel, or so high that it approaches saturation pressure. 
This has been found true, for example, between 1 and 760 mm. pressure for air, and 
nearly true over much larger ranges. 

Mixtures and Solutions. Many discussions on this subject can be found in the 
literature, but no general treatment is available. For discussion of the viscosity of 
polymers and their solutions, and its significance with regard to estimation of molecular 
weight or degree of polymerization, see Lubricants; Polymers; Rheology, No a priori 
statement can be made at present regarding the viscosity of mixtures on the basis of 
the unmixed substances. The relation so far has not been found linear in any case, 
frequently shows maximums, sometimes minimums, and sometimes goes from one 
type to the other on changing the temperature. Often anomalous behavior of the 
viscosity-composition isotherm reflects compound formation; determination of these 
isotherms, therefore, can be useful in the study of complex formation or association 
compounds in general. 
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Empirical aids for estimating the viscosity of special types of mixtures have been 
worked out. The A.S.T.M. viscosity index charts, for instance, may be used in making 
oil blends if the viscosities of the starting oils are known. 


Methods of Measurement 


Nearly everyone who has studied the subject of viscosity more than superficially 
has designed an instrument for his special requirements, or one intended to overcome 
some of the shortcommgs of earlier designs. For this reason such a multitude of 
types and forms of viscometers are described in the literature that the present discus- 
sion must necessarily be incomplete. In the following sections, the various general 
classes of viscosiy measuring apparatus will be discussed in terms of a few of the most 
outstanding and widely used viscometers of each type. The considerations applying 
to these specific examples are so common {0 all viscometers in the same classes that it 
should not be difficult, to assess the qualities of other devices from the discussion. A 
more complete description of modern apparatus can be found in a number of reference 
books (4,17,28,34). 

Before entering into the discussion of the viscometers themselves, the fundamental 
importance of temperature in viscosity measurements should he emphasized. Tem- 
perature coefficients of viscosity are normally very bigh, aud in general they tend to be 
greater for materials of higher viscosity. (See Vol. 11, p. 734.) Tn working with 
average materials a temperature control within -£0.01°C. is required for measurements 
intended to be consistently accurate to within 0.1%, that is, consistently within 0.1% 
of the true value. For measurements in which 0.5% accuracy is sufficient, a variation 
of £0.05°C. is tolerable. The predominant role of temperature has been recognized 
by the principal standardizing bodies of the world, and rigid specifications for tempera- 
ture control have been included in the standard methods. To further assure tempera- 
ture reproducibility among laboratories, elaborate specifications for thermometers for 
use in viscosity measurements have been set up (A.8.T.M. El-53). 

Careful attention must be paid to the design of constaut-temporature baths, 
particularly in regard to the climination of temperature gradients in the bath liquid. 
It is not generally appreciated that a bath in which stirring is vigorous and in which the 
temperature at one point is controlled to within 0.01°C., van have stable temperature 
differences at other parts of the bath amounting to several hundredths of a degree. 
This condition is usually brought about by large heat losses through the bath walls, 
which are compensated by the use of a heater of small area. It can be remedied by 
improving the quality of the insulation, or by introducing the greater part of the com- 
pensating heat uniformly over the walls of the bath. 

Another factor that is often overlooked is the necessity for the sample to equili- 
brate completely with the constant temperature bath. A surprising amount of time 
is required to reach temperature equilibrium with samples of high viscosity. Jn 
general, a bath or viscometer which is being maintained within 0.01°C. of a desired 
temperature is easily shocked by contact with a cooler or hotter object. In deter- 
mining viscosities, it is good practice to avoid placing a viscometer or any other object 
in the constant-temperature bath while another viscometer is being equilibrated or 
operated. 


CAPILLARY TUBE VISCUMETERS 


Capillary tube viscometers are particularly convenient for measurement of the 
flow properties of liquids that do not exhibit a yield value or time-dependent changes in 
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consistency such as work bardening or softening. They are normally employed for 
precise measurements on Newtonian liquids in the range from about 0.01 to 100 poise. 
They are not convenient for use with non-Newtonian liquids because of the variation 
in the rate of shear with distance from the tube walls; however, when instruments are 
used in which it is possible to vary the pressure drop through the capillary over a wide 
range, the flow characteristics of non-Newtonian liquids can be deduced from the capil- 
lary measurements. The basic equations for this analysis were first published by 
Rabinowitsch (31), and were independently derived by Clark and Deutsch (10). 
Since capillary tube viscometers are not the instruments of choice for handling these 
systems, only their application to Newtonian liquids will be considered. 

For rough work in which moderate errors can be tolerated (approximately 0.5%) 
the Poiseuille equation (see p. 757) is an adequate expression for flow in even very 
short capillaries; however, for refined work it is necessary to introduce two correction 
terms associated with the effects at the capillary ends. The larger effect, known as the 
kinetic energy correction, is added to account for the energy required to accelerate the 
liquid from its velocity in the inlet reservoir to its average velocity within the capillary. 
If the flow is steady and uniform, it can be shown that the pressure correction should 
be: 


dy? ae 
~ ap (for symbol definitions see below) 
T 


However, accelerations and lack of steady flow conditions lead to departures in real 
instruments that are corrected by including a coefficient m. While it has been con- 
sidered that m is a constant of a given apparatus, recent work tends to indicate that it is 
really a function of Reynolds number. The second correction is an allowance for 
viscous resistance encountered by the liquid as a result of velocity gradients in the 
converging stream entering the capillary. It is normally expressed as a hypothetical 
increase in capillary length which is proportional to the capillary radius. With the 
two correction terms added, the complete equation for fluid flow through a capillary 
becomes 


4, 
7 ar p mde) ee Q 2) 





where 7 = the liquid viscosity in poise; r = the capillary radivs in em.; p = the pres- 
sure drop through the capillary tube in dynes/sq.cm.; Q = the rate of flow of liquid 
through the tube in cu.cm./sec.; 1] = the length of the capillary tube in em.; d = the 
liquid density; m = the kinetic energy coefficient; and 2 = the so called ‘‘ Couette’ 
constant, such that nr is the hypothetical increase in capillary length needed to account 
for convergence friction. 

Absolute and Standard. A viscometer is considered to be an absolute instrument 
if its calibration constants are obtained solely from its dimensions and its operating 
characteristics. While it is theoretically possible to use any capillary viscometer as an 
absolute instrument, it is extremely difficult to obtain accurate results unless it is 
constructed with extreme care and in such a manner that the modified Poiseuille 
equation (12) can be easily applied. The recent determination of the viscosity of 
water at 20°C. by Swindells ed al. (37) serves as an excellent example of the apparatus 
and technique for absolute measurements of the highest accuracy using capillaries, 
A schematic diagram of their apparatus is shown in Figure 1. Test liquid (water) 
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from an injector was forced through the capillary at known rates, and the pressure drop 
across the capillary tube was measured by means of a mercury manometer system. 
The following considerations were essential to the attainment of accurate results: 
(1) temperature control within +0.004°C., (2) constant and accurately known de- 
livery of liquid by the injector, (3) accurate and sensitive measurement of the pressure 
drop across the capillary, (4) extremely precise measurements of capillary dimensions 
including such factors as ellipticity of cross section, (6) special experimental and extra- 
polation procedures to account for the necessary kinetic energy and ‘‘Couette” cor- 
rections. 

In general, absolute measurements are made only for special standardizing or 
research purposes, Several instruments for industrial purposes could, however, be 
classed as absolute capillary viscometers, although their aecuracy is rather poov. 
' The Saybolt, Engler, and Redwood instruments, which are extensively used for routine 
testing of oils, are short-capillary instruments in which the primary calibration lies in 
the specified dimensions of their various parts. It has become common to refine the 
individual instrument constants by measurements on standardizing oils in order to 
obtain a correction factor, so that their actual application is now rarely as absolute 
viscometers, 

The Saybolt viscometer is representative of all three instruments. It has been 
standardized by the A.S.T.M. in forms suitable for lubricating oil measurements and 
for testing of fuel and road oils and is completely deseribed in A.S.T.M. method 
D88-58. Essentially it consists of a brass tube fitted with a short capillary of precise 
dimensions at the bottom, and mounted in a suitable constant-temperature bath. 
The tube has an overflow weir for liquid-level adjustment at the top, and has a erude 
valve in the form of a cork stopper at the bottom. The tube is filled with the test 
liquid, allowed to come to temperature equilibrium, the weir gallery is emptied care- 
fully, the stopper is pulled, and the number of seconds required to collect a definite 
volume of liquid in a vessel placed under the capillary is measured. Viscosity is 
normally reported simply as Saybolt Universal or Saybolt Furol seconds, but it may 
be converted to centistokes by means of appropriate tables (A.8.T.M. D446-53 and 
D666-53). 

Relative. While it is extremely difficult to obtain accurate capillary viscometer 
constants from the dimensions and operating conditions of the apparatus, it is a 
comparatively easy matter to calibrate capillary instruments by standardizing with 
liquids of known viscosities, Comparatively simple apparatus can be used for such 
relative measurements. The primary reference liquid for viscometer calibrations is 
water at 20°C. because it is easily prepared in a pure form and its viscosity is known 
to a high degree of accuracy (A.8.T.M, D445-53T), The details of the calibration 
procedure based upon water will be discussed (see p. 764) for the most common type of 
capillary instrument. A number of secondary standards are available from the Na- 
tional Bureau of Standards and from the A.P.I. (A.8.T.M. D445-53T); these liquids 
provide a convenient: means for calibrating viscometers for routine purposes. 

Relative capillary viscometers fall into two general classes, depending upon 
whether the hydrostatic pressure of the test liquid itself induces the flow through the 
capillary or an external pressure is applied to force the liquid through the tube. The 
first type of instrument is more widely used and is of sufficient importance to justify a 
detailed description of its manipulation. 

Gravity-Driven. Present day gravity~driven viscometer tubes are generally de- 
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rived from Osiwald’s original design, a slight modification of which is shown in 
Figure 2(a). In usc, this instrument is inverted with the tip of the capillary tube 
immersed in the liquid to be studied, A vacuum is applied to the wide bore tube 
until the meniscus is at the mark B, whereupon the tube above mark A is closed with a 
finger and the viscometer is set upright. Txcess liquid is wiped off the outside, the 
finger is removed, and the viscometer is placed ina constant temperature hath. When 
temperature equilibrium has been established, the liquid is again returned to the upper 
reservoir bulb with the meniscus above the fiducial mark, either by applying vacuum 
at the capillary or pressure at the other tube. Finally, the vacuum or pressure is re- 
leased and the time required for the liquid to flow between marks is measured. 

The Poiseuille equation in the appropriate form applying to such an apparatus can 
be written as follows: 

ame hgt mV 


= Se mpm near emer oe 13 
y= afd Sar(l + ure (18) 





where vy = 7/d is the kinematic viscosity; 7 = the radius of the capillary; 7 = the 
eapillary length; 4 = the mean liquid head during the measurement; VY = the volume 
of liquid delivered from the upper resorvoir bulb; ¢ = the time required for the liquid 
to pass between fiducial marks; g = the acceleration of gravity; m = the kinetic 
cnergy coefficient; and = the Couette correction coefficient, 

Since these viscometers are always calibrated by direct application to reference 
liquids, this expression can be simplified to: 


y= Cl ~ Bit . (18a) 


where C and B are instrument constants calibrated by measurements on known ma- 
terials. In general it is found that B/t is very small relative to the first term and can 
be neglected except for measurements on materials having viscosities less than 2 
centistokes. It can be neglected for these materials if the efflux time is greater than 
300 seconds, 

The calibration procedure for the simple Ostwald viscometer is the same as that 
used for all later designs of this type. Accordingly, the consideratious necessary for 
its accurate calibration and use will be described. The advantages and disadvantages 
of some of the later models can then. be discussed in terms of the various factors affect- 
ing accuracy and precision. 

For convenience in use and in calibration, it is advisable (o employ a set of vis- 
cometers in which the dimensions are adjusted so that the C constants in equation 
(18a) for successive instruments differ by factors of about 3, For example, a typical 
set should include viscometers having constants, in centistokes per second, of about 
0.001, 0.003, 0.01, 0.03, 0.10, 0.30, 1.0, 3.0, and 10.0. It is not advisable to attempt to 
use capillary viscometers having lower or higher constants; those having lower con- 
stants present excessive cleaning difficulties because of the fine capillaries, while 
liquids of viscosities requiring higher constants cannot be handled satisfactorily in 
U-tubes. 

Cleaning of the tubes should be carried out with extreme care. The manner in 
which the test fluids wet the walls and drain during measurements depends upon wall 
cleanliness; in addition, the viscometers having low constants are especially sensitive 
to dust or small particles, It is advisable to filter all liquids and cleaning acids into 
the tubes. A good cleaning procedure is to wash with solvents to remove any previous 
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Fig. 2. Typical glass capillary viscometers: 
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liquids, remove the solvents by washing with alcohol or acetone, wash with water, 
and then soak in chromic acid-sulfurie acid. When the surface is clean, the acid 
mixture is removed by thorough washing with distilled water, and the tube is dried hy 
drawing through a stream of filtered air. It has been found that the inner surface of 
the tubes is often permanently changed when used for measurements on silicone oils, 
Tor these muterials it is advisable to use a separate set of viscometers calibrated es- 
pecially for this purpose. 

The primary method of calibration, the “step-up” procedure, requires that all of 
the viscometers be standardized against water at 20°C. This is only directly possible 
for the lowest instruments in the series; however, after these have been calibrated, 
they can be directly compared with the next higher viscometer using a suitable liquid 
of higher viscosity. This can be continued with increasingly more viscous oils up to 
tubes having a constant of 10 centistokes per second, 

The constant B in equation (18a) is probably not a true constant owing to the 
variation of m with Reynolds number. For this reason it is advisable to perform the 
step-up procedure with a special set of ‘master’ viscometers in which the contribution 
of the whole B/t term to the viscosity is less than 0.1%. Routine viscometers can 
then be calibrated by direct comparison with the masters. Information regarding the 
design of a viscometer that will serve as a master is extremely limited. In general the 
contribution of the B term can be reduced by making the flow volume V small, and by 
increasing the length; however, the minimum volume-length-ratio has not been estab- 
lished. Lt is well known that viscometers having a 3-ml. upper reservoir and a 48-em. 
capillary are satisfactory. 

To carry out the step-up procedure, the viscometers having constants of 0.001 
and 0.003 are filled with freshly boiled distilled water and the times of flow are mous- 
ured at 20°C. Appropriate corrections as discussed in the following sections are made, 
and the constants are calculated from the known viscosity of water. The 0.003 tuhe 
and the 0.01 tube are then filled with a light oil, such as kerosine, which will give a rea- 
sonable time of flowin both instruments. ‘The times of flow are measured and corrected, 
the viscosity of the oil is calculated from the known constant of the 0.008 tube, and the 
constant of the 0.01 tube is calculated [rom the viscosity. This procedure is continued 
up the series. It should be noted that the measurement on water is the only one for 
which the temperature must be exactly 20°C. For the other measurements any 
constant temperature will serve, provided that appropriate corrections are made. 

It is usually inconvenient to employ master viscometers for routine measurements. 
Therefore, after calibration of the masters, a number of sets of smaller viscomcters are 
calibrated by direct comparison with them. By using several oils for the comparison 
of each routine viscometer, the constant B, which is often appreciable for short capil- 
laries, may be evaluated. 

A second method for calibration of routine viscometers is afforded by oils of known 
viscosities obtainable from the National Bureau of Standards aud from the A.P.I. 
The details concerning their use are to be found in A.S,T.M. method 1445-53, 

Corrections Applicable to U-Tube Capillary Viscometers. A number of correc- 
tions must be made in order to relate flow times in an Ostwald-type capillary viscom- 
eter to viscosity through equation (13). These corrections have been discussed in 
detail (88). A brief summary of the main factors to be considered are given below. 

The viscometer itself is used as a pipet for the introduction of a standard volume 
of liquid. This volume affects the liquid levels in the U-tube during the test and con- 
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sequently the mean head. The pipetting is normally done at room temperature, which 
is usually different from the test temperature. The volume change on heating or cool- 
ing the pipetted liquid to test temperature must therefore be taken into account. For 
lubricating oils pipetted at 70°. with a typical instrument and used at 210°F., the 
correction amounts to about 0.1-0.4% of the ohserved flow time. 

Calibration relative to water (or standardizing oil) is made at a single temperature. 
When the viscometer is used at a different temperature, corrections must: be made for 
changes in dimensions of the tube owing to expansion and contraction. The order of 
magnitude of the correction is very small and is usually combined with the correction 
for filling volume. 

In a U-tube viscometer the driving head of liquid is opposed by the weight of the 
air column in the opposite arm. Since the weight of this air changes with tempera- 
ture and humidity, a correction must be made. The magnitude of the correction is of 
the order of 0.085% of the observed time for oils when an oil of density 0.769 is run at 
100°F. 

In U-tube viscometers the differences in the diameters of the tubing on the two 
sides at various times of flow lead to a difference in the capillary rise betaveen the two 
sides. This difference adds or subtracts from the liquid head and must he corrected 
for. The surface tensions of oils containing no surface active additives are very nearly 
the same so that very little error is introduced by assuming a constant surface tension 
effect for such oils. Special attention should, however, be given to oils containing 
various additives. Water differs markedly from oils, and since it. is the primary refer- 
ence liquid, it is essential to determine the correction for the surface tension difference 
between water and oils at 20°C. 

The method for calculating the surface tension correction for a given viscometer is 
presented by Barr (5). His method, using the tables of Bashforth and Adams (f) to 
determine the meniscus volume and capillary rise at various points in the tube, is the 
only method that will yield satisfactory results. Other approximate formulas are of 
little use. A better means of arriving at the correction is the experimental method 
described by Swindells e af, (88), The order of magnitude of the surface tension 
correction when a water-calibrated tube is used ou a lubricating oil stock is about 0.2— 
0.8% for a master viscometer. In shorter routine instruments the correction is often 
as high as 0.5%. 

A few important, sources of error in the use of Ostwald-type viscometers are the 
following: (1) Temperature fluctuations. The effects of temperature have been 
discussed (see p. 758). 

(2) Drainage errors. The constants C and B of equation (13a) are only constant 
if the volume does not change. Fortunately, if the tubes are used with properly 
standardized procedures this is true. The necessary precautions have been discussed 
(38). 

(3) Vertical alignment. Appreciable changes in liquid head result from the vis- 
cometer being used in a nonvertical position. The magnitude of the error has been 
discussed (42). 

(4) Timing. For accurate work tt is necessary to use dependable interval timers. 

In most areas the electrical mains are not suitable for short intervals, but if crystal or 

tuning fork frequency controllers are employed, electrical timers are convenient. 
Stopwatches are satisfactory, but they must be frequently calibrated. 

(6) Observation errors. Errors are often introduced by irregular or thick fiducial 
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lines. Difficulties in observing slow transit times of the meniscus can be greatly re- 
duced by using a small telescope focussed upon the tube. For accurate work the 
fiducial lines should be made very fine, and should circle the tubing in a plane perpen- 
dicular to the tube axis. Although the surface tension corrections become greater 
when the tubes above and below the reservoir bulb become smaller, it is advisable to 
keep them below 2 mm. for a 5-ml. bulb in order to achieve satisfactory precision. 

(6) Changes in sample composition. In filling a viscometer, or in forcing the 
liquid into the upper reservoir, a variable ainount of air may be dissolved in the liquid, 
causing an appreciable viscosity change. If the liquid is sucked up into the reservoir 
bulb using a vacuum line, light ends may be lost, causing an increase in viscosity, It is 
probably most satisfactory to use a carefully controlled pressure in forcing the liquid up 
the tube. This at least assures a reproducible amount of dissolved air and increases 
precision. 

Modern Capillary Viscometers for Relative Measurements. The designs of viscom- 
eters used most extensively in the U.S. at present are described in A.S.T.M. method 
)445-53T. A few noteworthy examples are shown in Figure 2, The Cannon master- 
style viscometers have been shown to be excellent struments for primary calibrations. 
The long capillary and small upper reservoir bulb assure a low kinetic energy corree- 
tion, while the large diameter of the lower reservoir minimizes head errors due to vol- 
ume changes from temperature effects or from improper adjustment: of initial volume. 
The great length with consequent large driving head of liquid also gives rise to smaller 
percentage corrections for the surface tension effect and other head corrections than 
would be the case for shorter tubes. The Cannon-Fenske routine viscometers are — 
constructed so that the lower reservoir is directly below the upper reservoir, a conclition 
that has been shown to give the minimum change in head resulting from error in the 
vertical alignment of the viscometer. The Ubbelohde design was first proposed as a 
means of eliminating the surface tension correction. Barr has pointed out the fallacy 
in the reasoning behind this means of correcting (5); however, the instrument still has 
one very great advantage. In using it, a roughly measured amount of liquid is intro- 
duced and allowed to reach temperature equilibrium. The capillary, upper reservoir, 
and the side tube are then filled by applying pressure to the lower reservoir until the 
liquid is above the upper fiducial mark. When the pressure is released the liquid flows 
rapidly out of the large side tube and the reservoir under the capillary isemptied. The 
time for the liquid to flow out of the upper bulb through the capillary is then measured. 
By this means, the lower liquid level is made unimportant and the volume initially 
added to the instrument does not have to be precisely measured. Since the test liquid 
is added with the viscometer in the bath, the first temperature correction above can be 
ignored. 

‘In measuring very dark oils, the meniscus cannot be observed through the oil 
film left behind as the liquid drains, it is therefore necessary to place the fiducial reser- 
voir at the bottom of the tube and time the rise of the meniscus into the previously 
unwet bulb, An ingenious instrument that allows this type of measurement in ad- 
dition to eliminating the need for precise volume adjustments is the small “ crossarm”’ 
viscometer (sec Fig. 2(d)), Liquid is placed in the cross arm until the level is about at 
line 5. After it equilibrates to bath temperature, « slight pressure causes it to siphon 
down through the capillary into the measuring bulb, The upper meniscus travels 
horizontally in the crossarm and does not therefore change the head during flow. A 
very rough volume adjustment assures a highly reproducible driving head. 
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An instrument noteworthy for its method of adjusting the liquid volume, as well 
as for the fact that it is a standard viscometer in Hurope is the Vogel-Ossag (see Fig. 3). 
The inner cup of this apparatus is filled to overflowing with test liquid, the pipet 
assembly is screwed into place, liquid is sucked up into the pipet, and the time for the 
bulb to empty is determined. A similar device constructed entirely of glass is em- 
ployed by the Standard Inspection Laboratory (A.S.T.M, D445-53T). 

A large number of capillary viscometers for very crude control or standardization 
purposes are in common use. A variety of cup-type viscometers are available which 
are similar to the Saybolt, Engler, or Redwood instruments, but which differ slightly 
in dimensions or construction. The Ford cup is typical of this type (A.8.T.M. 
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Fig. 3. Vogel-Ossag viscometer (4). Fig. 4. Bingham pressure-driven viscometer. 
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1D1200-52T); it was originally designed at the Ford Motor Company, but has since 
been redesigned to include a replaceable capillary and bottom closure. It is exten- 
sively used for examination of paints, varnishes, and lacquers. Simple pipets are 
convenient for a number of applications and have been used to advantage in the testing 
of oil and glue products. <A typical instrument is the Dudley pipet which has been 
applied to a number of materials such as oils, dextrin, and glues (15). 

Pressure-Driven. Fundamentally, pressure-driven capillary viscometers are not 
different from the gravity-driven type. They differ only in that a pressure large with 
respect to the liquid head is used to force the liquid through the capillary tube. The 
advantages gained are: (/) the absolute viscosity is determined with accuracy without 
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the necessity of obtaining accurate density data, (2) fewer tube assemblies are needed 
Lo cover a wide viscosity range since the time intervals can be adjusted by altering the 
applied pressure, (3) surface tension effects and other head corrections are lost in the 
Jarge applied pressure. ‘The disadvantages are: (/) they are inconvenient to use 
compared with the simple U-tube type gravity-driven instruments, (2) pressures of the 
required constancy are difficult, to maintain, (3) drainage corrections needed for 
variations in the rate of emptying the reservoir bulbs are large and uncertain, (4) dis- 
solved gas may have a considerable effect upon the hquid viscosity. 

The Bingham viscometer (Figure 4) is a typical relative pressure-driven capillary 
apparatus. It is filled by mcans of a pipette, holding the level in the night limb at H 
until liquid just overflows the weir at A. A known pressure difference is applied across 
the two arms and the time is measured for the liquid to fow from B to D. The pres- 
sure can be reversed and the flow time measured from L to J. The use of the instru- 
ment and the necessary corrections have been completely cliscussed (88). 

Another important pressure-driven viscometer used for the testing of greases is 
the 8.0.D. pressure viscosimeter (80). This apparatus has been specified in A.S.T.M. 
method J)1092-81. 


ROTATIONAL VISCOMETERS 

Rotational viscometers are useful over a wide range of viscosities and are particu- 
larly valuable for the study of non-Newtonian systems. They are normally employed 
in the range above 50 poises, although they can be used satisfactorily even for gases. 
For work of the highest precision (better than 0.1%) their design and construction 
becomes difficult; however, for routine applications where precision is less essential 
they are simple aud convenient. 

Coaxial cylinder viscometers consist esscntially of two concentric cylinders sepa- 
rated by a thin annular layer of the liquid to be tested. One of the cylinders is rotated 
while the other remains stationary, producing a shearing action on the liquid. The 
torque required to produce rotation at a given angular velocity, or the angular velocity 
resulting from a given torque is measured to determine the viscosity. The funda- 
mental equations are the following: 

Stress at inner cylinder wall = 2'/2ar4 

Rate of shear at inner cylinder wall = 20R?/R* — 7% 


stress T C- i f ) 
Y™ shear rate 470 he 
where 7’ = the torque exerted on the inner cylinder; / = the tength of the immer cylin- 
der; Q = the relative angular velocity of the cylinders in radius per second; r = the 
radius of the inner cylinder wall; and 2 = the radians of the outer cylinder wall. 

Viscometers of this type are well suited for absolute measurements because of the 
simple relationship between viscosity and their dimensions and operating character- 
istics. They are also widely used for relative measurements. 

Although the principle is simple, it is difficult to construct a coaxial cylinder or 
Couette viscometer for precise and accurate absolute measurements. The greatest 
problem lies in the elimination of end effects resulting from friction on the bottom or 
top of the inner cylinder. A number of different techniques have been used for this 
purpose; Couette and others placed guard rings above and below the inner cylinder 
(see Fig. 5). Mooney and Ewart (24) used a conical end on the cylinder and corrected 
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mathematically for the effect. Ford and Arabian (19) used an instrument that elim- 
inated end effects altogether in the study of asphalts; however, their apparatus was not 
suitable for liquids of appreciably lower viscosity. Gurney (16), Searle (35), Lillie 
(20), and Lindsley and Fischer (21) varied the lengths of the annular space, keeping 
the size and operating characteristics of the ends constant, thus allowing an experi- 
mental determination of the end effects correction for each sample. Lindsley and 
Fischer (21) have given a brief review and discussion of the problem. Because of the 
difficulties inherent in all of the correcting methods, the most common approach is 
simply to make the cylinder as long as possible in order to make the end effects small. 
A good design, in which the ratio of eylin- 
der wall area to end area is 8 maximum, is 
that of Orne (27), in which the inner cylin- 
der rotates in an annular space between two 
other cylinders, This device is self-center- 
ing and is suitable for studying viscosities 
at high rates of shear. Another problem 
arising because of the necessary metal con- 
struction of rotational viscometers of this 
type is that of temperature control. All 
connections to the cylinders that are uot 
adequately protected become sources of } 
heat leaks which cause temperature gra- 

dients at the worst possible locations, A 

comvlete discussion of the various factors 


a 
Uh 
affecting the design and performance of ml 
Ky 





cylinder apparatus can be found in the N 
books by Barr (4) or Hatschek (17). Der- S 
ivation of consistency curves for non-New- 
tonian liquids from cylinder viscometer 
data is discussed by Scott-Blair (34). 

A number of commercial viscometers 
are available that are based upon the 
cylinder principle but modified for routine pig. 5, Couette concentric cylinder apparatus 
industrial use. In general, these instru- (23). 
ments are intended for relative measure- 
ments only and are not designed to eliminate end effects or to produce results of 
high accuracy and precision. The AfacMichael viscometer consists of a cup contain- 
ing the sample, which is rotated arouncl an inner cylinder immersed in the sample. 
The inner cylinder is held stationary by the torsional force in the wire from which it 
is suspended and the torsion in the wire measures the viscosity of the liquid. The 
Stormer viscometer applies a constant torque to the inner cylinder, and the rate of 
rotation is measured. An instrument of advanced design that automatically records 
the torque on the stator element and that is particularly suited to materials of high 
consisteney is available from the Precision Scientific Company (89). 

While it is possible to analyze the shearing conditions most accurately with the 
coaxial cylinder design, it is not necessary for industrial applications to adhere to this 
form. Satisfactory rotational viscometers have been designed in which the rotating 
clements are elipsoids, disks, or other shapes; in some cases the rotating member serves 
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the dual purpose of stirring the sample and measuring its viscosity. A typical ex- 
ample is the Brookfield viscometer which uses a wide variety of shapes, depending upon 
the characteristics of the test liquid. The Fisher Electromscometer is equipped with 
various sizes of bobhins which are held stationary within a rotating cup filled with 
sample. The torque exerted by the liquid upon the bobbins is measured with an in- 
genious electrical system, which permits sensitive readings over a wide viscosity 
range. In general, these instruments are for rough work only and attempts to use 
them for refined measurements are usually misleading. 

A special class of rotational viscometer which provides muny advantages in pre- 
cision and sensitivity is the oscillational viscometer. In this type the rotating ele- 
ment, which may be a cylinder, sphere, disk, or other shape, is mounted in such a way 
that it will oscillate around its axis as a torsional pendulum. The amount of damping 
caused by viscous drag then measures the viscosity of the specimen. Unfortunately 
in gaining increased precision, the chief advantage of applicability to non-Newtonian 
liquids is lost. since the rate of shear is no longer constant. A capillary viscometer 
will usually cover the effective range of oscillational viscometers with more convenicuce 
and accuracy. 


FALLING-BODY VISCOMETIERS 


Viscometers of the falling-body type are also useful over an extremely wide vis- 
cosity range. They will satisfactorily measure viscosities of gases as well as heavy 
asphalts and tars. In general, they are not capable of as high precision and accuracy 
as the capillary or rotational viscometers, but they are excellent instruments for routine 
work. The driving force causing the body to fall (or rise) clepends upon the difference 
in densities between the body and the liquid. Thus, it is necessary to determine the 
liquid and solid densities with cousiderable precision in order to interpret the rate of 
fall in terms of viscosity. Falling body viscomcters do not allow a straightforward 
analysis of shearing rates and hence are usually only used for empirical studies of non- 
Newtonian systems. For fundamental study of non-Newtonian fluids it is gonerally 
recommended that either rotational or capillary tube instruments be used. 

It is theoretically possible to use falling spheres for absolute measurements by 
applying Stokes’ law; however, it is difficult to obtain precision spheres of a size that is 
well suited to this application. Also, the effects of the walls of the confining vessel 
and of turbulent flow are difficult to evaluate, The absolute method is therefore sel- 
'domused. The rate of fall of a sphere can be represented by the formula: 


q = K(ds — dit (14) 


‘where K = a proportionality constant; d, = the density of the sphere; d, = the den- 
sity of the liquid; and ¢ = the time of fall through a given distance. It is therefore 
possible to calibrate a falling-ball viscometer by a step-up procedure. It is preferable, 
however, to calibrate liquids in the desired range hy means of an absolute viseometer 
such as the Couette type and to use these liquids for standardizing the falling-ball 
viscometer. Higher precision can be attained if the sphere rolls down a wall of the 
vontainer instead of falling freely through the liquid. The theory for this case is com- 
plicated but equation (14) applies satisfactorily over short ranges. A very simple 
talling-sphere viscometer is in common use for specification testing of soluble nitro- 
cellulose (A.8.T.M. D-301-38), and cellulose acetate (A.S.T.M. 1871-48). It con- 
sists of a cylinder exactly 1 in. in diameter with two marks 10 em. apart and a steel 
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ball of carefully specified dimensions. An aluminum funnel placed in the mouth of 
the tube assures that the ball is dropped centrally. In using the apparatus the cylin- 
der is filled with the liquid and brought to temperature. The ball is then dropped 
through the funnel into the liquid, and the time required for it to fall between the marks 
is measured. A more precise instrument using a rolling ball is the Héppler viscometer 
(18). Its construction and method of operation are evident from Figure 6. A series of 
balls are provided which cover the range from 0.01 to 25,000 poise. Another version 
of the falling-ball viscometer, also by Héppler, is useful in the viscosity range above one 
kilopoise. Instruments intended for use in this range are usually called consistometers 





Fig. 6. Hoéppler viscometer (23). 


(2). A falling-ball instrument especially for work at high pressures was designed by 
Weber (2). In his apparatus, the passage of the ball by the fiducial marks is observed 
by means of induction coils surrounding the sample tube. Falling cylinders, cones, 
and needles are convenient in many applications; for example Bridgman for his famous 
viscosity measurements at high pressures used a special falling-cylinder viscometer (7). 
Penetrometers, used for determining the consistency of materials of high viscosity 
such as asphalts, waxes, greases and others, are also examples in this class. The term 
“consistency” includes not only viscous, but also elastic and plastic and other non- 
Newtonian elements. The observations made by means of the penetrometor never- 
theless can have a simple significance in connection with measurement of viscosity 
when the substance under test exhibits essentially Newtonian flow properties. This 
is true in the case of many steam-refined asphalts, typically those of Californian origin, 
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and the light-colored asphalts from Miri, Borneo. For asphalis of this kind a relation 
has been established (33) betaveen the penetration observed in decimillimeters, and 
absolute viscosity, y, in poises: 


yao. (15) 


This formula is said to apply to penetrations between 5 and 200. 

Falling needles have been used for accurate work at bigh pressures inside sealed 
systems (25,86), Needles that were 
specially designed to avoid irregular or 
fluttering fall were allowed to fall through 
the liquid in a capillary tube. When the 
passage of the needles could not be directly 
observed, electromagnetic methods were 
employed. 

A. special case of the falling-body 
principle is that of the rising bubble. A 
glassy tube of standardized dimensions is 
filled to a mark with liquid at the test 
temperature, and the tube is closed with 
a definite amount of air above the mark. 
When the tube is at the desired tempera- 
ture it isinverted and the rate of rise of the 
bubble is observed. The absolute rate of 
tise can be calibrated in terms of viscosity, 
but it is more common to use a set of 
standards prepared in similar tubes, 
bracketing the sample. This method is 
extensively used in the paint and varnish 
industry (13). 





MISCELLANEOUS VISCOMINTERS 

Gas Viscometers. The viscometry of 
gases is normally varried out in a capillary 
instrument such as that of Rankine shown 

Fig. 7. Rankine gas viscometer (314). in Figure 7, The tube is sealed off at any 

desired gas pressure and the time re- 
quired for a mercury pellet to fall between marks in the larger tube is measured. 
The details of operation and the various factors influencing precision and accuracy are 
discussed by Barr (4) and by Rankine (1a). 

Viscometers Involving Approaching or Receding Surfaces. When two plates or 
surfaces are brought together or pulled apart with a layer of fluid contained betsveen 
them, the rate of separation or approach for a given applied force is related to the vis- 
cosity. Michell (44) used this principle in an apparatus consisting of a steel sphere fit- 
ting into a spherieal cup with clearance of about 0.01 mm. adjusted by means of three 
small pegs projecting radially inwards from the cup. The sphere is placed in the cup 
and the separating space is filled with oil. The cup is inverted and the time for the 
sphere to fall away is proportional to the viscosity of the oil in poises. The main ad- 
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vantage of the Michell instrument is the small amount of sample required. A recent 
model described by Campbell and Darn (9) can be used with one drop of liquid over a 
wide range of viscosities, Results are usually only accurate to within about 1%, 

The same principle is used in tackmeters for the printing ink industry which act 
as a mechanical finger (14). 

Ultrasonic and Vibrating-Disk Instruments. An interesting viscometer that 
utilized a small disk vibrating in its own plane in the fluid at a rate of 800 cycles per 
second was described by Woodward (43). The amplitude of the vibration, measured 
by means of piezoelectricity generated in barium titanate blocks, provided a direct 
indication of the product of viscosity and density. The instrument could be used for 
the range 0.01 to 100,000 centipoise with an accuracy of about 5%. The principal 
advantages lay in the possibilities for continuous recording of viscosity changes in 
commercial installations. A similar device, the Ultra-viscoson, using ultrasonic fre- 
quencies, is available commercially (32), These instruments are not suitable for use 
with non-Newtonian liquids. 

Instruments Providing High Rates of Shear. A hand viscometer, devised by 
Wachholtz and Asbeck (40), provides high rates of shear as well as simplicity of con- 
struction and operation. A thin band is drawn through a narrow gap between two 
carefully lapped blocks. ‘The blocks have a small reservoir of liquid at the top and the 
gap remains full of liquid during the test. The tape is self-centering and its action 
corresponds to the ideal situation in which two planes separated by a given thickness 
of oil are moved relative to each other. The velocity is measured for varying driving 
forces, ‘The same apparatus has also been used by Hull (19), who found it well suited 
for materials having viscosities from 5 to 1000 poises. 

Another high-shear-rate viscometer combining the centering principle of the band 
viscometer with the construction of a concentric cylinder viscometer was devised by 
Asbeck, Laiderman, and Van Loo (la). This instrument could attain shear rates 
above 20,000 sec.—! without excessive heating effects, and was designed especially for 
measurement of viscosities of paint under conditions comparable to brushing. 

Instruments for Measurements of Elastic Properties and Non-Newtonian Be- 
havior, This topic is covered under Rheology and will not be discussed here (see 
especially references (3,21,28,30) of Rheology, Vol. 11, pp. 729-30). Two noteworthy 
instrumental developments in recent years include the use of torsionally oscillating 
crystals (22) and the Weissenberg Rheo-Goniometer (41). Further information can 
be found in other reviews (3,29) or symposiums. 
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VISCOSE. See Rayon. 
VISCOSITY. See Rheology; Viscometry. 
VITAL STAINS. See Stains, microscopical (biological). 
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VITAMINS 
p-Aminobenzoic acid... ..,..... Vol. 2, p. 472 Riboflavin.................-..Vol. 14, p. 749 
Aseorhbie acid.................. Vol. 2, p. 150 Thiamine..................-. Vol. 14, p. 38 
Biotin........................ Vol. 2, p. 519 Vitamin A.................-..Wol. 14, p. 791 
Choline....................,.. Vol. 3, p. 919 Provitamins A.............Vol. 14, p. 801 
Folic acid..................... Vol. 6, p. 778 Vitamin By..............,....Vol. 14, p. 813 
Inositol.......... 0.0.0.2... VOL. 7, p. 877 Vitamin T).................... Vol. 14, p. 828 
Nicotinic acid and nicotin- Provitamins D............Val. 14, p. 329 
amide... ................... Vol. 9, p. 305 Vitamin If (tocopherols). ....... Vol. 14, p. 849 
Pantothenic acid.............. .Val.9,p. 805 Vitamin Koo... Wot, 14, p. 858 
Pyridoxine, pyridoxal, and 
pyridoxamine................ Vol. 11, p, 293 


SURVEY 


Vitamins may be defined (16) as “organic compounds which are required for the 
normal growth and maintenance of life of animals, including man, who, as a rule, are 
unable to synthesize these compounds by anabolic processes that are independent of the 
environment other than air, and which compounds are effective in small amounts, do 
not furnish energy, and are not utilized as building units for the structure of the or- 
ganism but are essential for the transformation of energy and for the regulation of the 
metabolism of structural units.” 

. Provitamins are organic compounds which can be converted into specific vitamins 
within the organism. This transformation may occur as the result of the body’s 
ability to camy out this function or as the result of an outside force. There are only 
two types of known provitamins, namely, provitamins A and provitamins D. Certain 
carotenoids, especially the carotenes, are provitamins A and are converted into vita- 
mins A (see p. 810) through a special enzyme system. The provitamins D are trans- 
ported to the skin, where they are converted into vitamins D by means of ultraviolet 
light such as supplied by the sun (see p. 838). 

Nomenclature. The term “vitamine” (from Latin vita, life, and amine) was 
first used by Funk (G) in 1912 to describe the so-called accessory factors because these 
compounds were essential to life and because Funk believed the antiberiberi factor to 
be an amine. Osborne and Mendel (15) and McCollum and Davis (11) in 1915 
distinguished two types of factors by their difference in solubility and called them fat- 
soluble A (shown to cure eye disease) and water-soluble B (prevented beriberi in 
pigeons). In 1920 Drummond (4) proposed the names vitamin A for the eye factor, 
vitamin B for the antiberiberi factor, and vitamin C for the antiscurvy factor. As 
other vitamins were discovered, they were assigned consecutive letters of the alphabet. 

The apparent inconsistency in the nomenclature of the vitamins can be understood 
from a study of their historical development. The original vitamin B, for instance, 
was subsequently found to be a mixture of compounds which have been arbitrarily 
desiguated vitamin B,, Be, ete. On the other hand, the fact that a dietary deficiency 
of a single vitamin might be associated with a number of diverse symptoms could not 
be immediately recognized. This led to a multiplicity of names for a single entity. 
With the chemical identification of the vitamins, they were assigned names in accord- 
ance with the class to which they belonged. Table I (18) summarizes the present 
knowledge of the nomenclature, action, and chemistry of the vitamins. 
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ISOLATION, SYNTHESIS, AND MANUFACTURIE 


For the occurrence of vitumins and vitamin content of various foods, see the articles 


on the specific vitamins and such articles as Cereals, Vol. 8, pp. GO1, 625, 682; Dazry 
products, Vol. 4, pp. 780, 833; Pzsh-liver oils, Vol. 6, p. 570; Food and food processing, 
Vol. 6, pp. 788, 812; Meat, Vol. 8, p.826; Afolasses, Vol. 9, p. 169; Nuts, Vol. 9, p. 555; 


Yeasts. 
All the vitamins which have been isolated have been synthesized with the excep- 


tion of vitamin D and the vitamins of the By group, the structural formulas of which 
are not known, 
thesis. ‘These include most of the B vitamins, notably thiamine, riboflavin, nico- 
tinic acid, pantothenic acid, pyridoxine, folic acid, p-aminobeuzoic acid, and biotin. 


Most of the vitamins handled commercially are produced by syn- 


TABLE I, Commercial Production of Vitamins in the U,S,, 1938-53. 


(In thousands of pounds.) 





19388 
1989 
1940 
1941 
1942 
1943 
1944 
1945 
1946 
1947 
1948 
1949 
1950 
1951 
1952 
1953 


1938 
1939 
1940 
1941 
1942 
1943 
1944 
1945 
1946 
1947 
1948 
1949 
1950 
1051 
1952 
1953 


Vitamin 
A 


79 
95 
234 
307 
113 


Niacin and 
niacinamide 


(22 
148 
290 
(543) 
940 
958 
1,001 
1,070 
1,134 
1,238 
1,448 
1,596 
2,122 
1,898 


.3) 


Thiamine 


Bb 


224 
277 


Vitamin K 


16 
72 
85 
69 
45 
130 
160 
199 
245 
236 
266 
All 


; Riboflavin 
(Bo) 


other 
eyclica 





Vitnmin 























@ Vitamin De and vitamin Ds production data converted from billi 





using the factor 18.14 billion U.S.P. units per pound 100% crystalline vitamin Ds. 
» Sum of individual production data of vitamins. 


Pyridoxine Vitamin Vitamin 
(Bs) 12 D2 T)a 
. _ 0. O-b 
_ —_ 0.38 
- — 0.79 
4.2 — 1.87 
2.7 — 1.34 
10.3 — 1.84 
12.9) _ 0.94 — 
10.9 ~ 0.70 —_ 
10.0 _ 1.16 1.23 
18 _ 1.60 1.00 
22 0.084 1.40 1.30 
14 0.094 1.45 1.25 
18 0,387 1.48 1.34 
All OO 
Ageorbie Pantothenis other 
neid (2) acid acyclics Total® 
8.7 aad (8.7 
15.7 ~ (15.7 
33.4 - - (55.7) 
92 — _ (240) 
260 a (506) 
763 (14) -- (1,393) 
1,177 32.7 — (2, 443) 
1,307 (58) — (2,630) 
728 (98) — (2,215) 
657 (89) - (2,280) 
956 (90) — (2,566) 
968 ne — (2,819) 
1,228 155 “— (3,456) 
1,552 240 _ (4,348) 
1,893 (261) _— (4,927) 
1,672 286 20 (4,686) 


ons of U.S8.P, units to pounds, 
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Inositol is isolated from natural sources, for example, corn, Vitamin By is produced 
by microbial fermentation. Commercially, vitamin By, concentrates are manufactured 
by primary fermentation or from fermentation residues of certain antibiotics such as 
chlortetracycline and streptomyciu. Fermentation is also used to produce riboflavin 
economically. The broth is dried and the dry residue sold ou the basis of its riboflavin 
content. These and other fermentation by-products, such as the dried ‘distillers’ sol- 
ubles” are highly valued as a source of unidentified vitamin factors. Vitamins A and 
E are still produced by isolation as well as by synthesis. In the case of vitamin K, 
2-methy!l-1,4-naphthoquinone (menadione), a synthetic compound with vitamin K 
activity, is manufactured for commercial use. Table II summarizes the data for the 
commercial production of vitamins in the U.S. from 1938 through 1958 as provided 
by the U.S. Tariff Commission. 


BIOLOGICAL ACTION 

The specificity of the vitamins may be differentiated into two types: namely, 
eompound specificity and species specificity. By compound specificily is meant the 
qualitative and quantitative differences in physiological behavior of various com- 
pounds in the same kind of animal. Specificity studies of the vitamins, as with phar- 
maceutical compounds, have made it. possible to ascertain whether or not the vitamin 
activity of a particular compound is due to the structure of the entire compound or to a 
special part of the molecule. Species specificity is defined as the difference in physio- 
logical response of different animals to one or more compounds. Species vary con- 
siderably in their needs for the different vitamins, certain species thriving in the ab- 
sence of vitamins which are essential for others. 

The knowledge of the mechanism of vitamin action in the organism is based upon 
experimental data and must be qualified as to the exact conditions of the experiments. 
A slight variation in experimental conditions may give rise to completely different 
results which lead to diverse interpretations. As a result, a tremendous amount of 


TABLE I. Toxicity of Vilamins, 

















Vitamin LD Route _ Animal 

Thiamine 125 mg./ke. Intravenous Mice 

250 mg./Ikeg. Intravenous Rais 

300 mg./kg. Intravenous Rabbits 

350 mg./kg. Intravenous Dogs 
Nicotinic acid 4-5 g/kg. Subcutaneous Mice, rats 

5-7 g¢./ke. Oral Mice, rats 
Riboflavin 560 meg./kg. Intraperitoneal Rats 
Pyridoxine. HCI . 3.7 g/kg. Subcutaneous Rats 

5.5 g/kg. Oral Rats 
Pantothenic acid 2.7 g./ke. Subcutaneous Mice 

3.4 g./kg. Subcutaneous Rats 

2 g/kg. Intravenous Rabbits 
Pteroylglutamic acid 600 mg./ke. Intravenous Mice 

500 meg./keg. Intravenous Rats 

410 mg./ke. Intravenous Rabbits 

120 mg./kg. Intravenous Guinea pigs 
Choline 320 mng./ke. Intraperitoneal Mice 

6.7 g/kg. Oral Rats 
Menadtione 0.8 g/kg. Oral . + Mice 
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research is necessary to establish the true physiological actions of the vitamins, and in 
most cases @ final understanding has not been reached. . 

Substantial advances in this respect have been made already, however. Many 
vitamins of the B complex have been recognized as distinct moieties within coenzymes 
of known structure (see Vol. 5, p. 741). These coenzymes are involved in such di- 
verse living activities as carbohydrate, protein, and fat metabolism and the physiology 
of vision. 

Molitor and Emerson (12) have reviewed comprehensively the pharmacology of 
the vitamins, including the effect of vitamins on normal animals and on animals 
affected by diseases other than avitaminosis. Inu general, vitamins have a very low 
order of toxicity (see Table TI). 


ASSAYS AND STANDARDS 


The measurement of vitamin potency is important for feed and food control as 
well as therapeutic purity. Three main types of assays are employed: chemical or 
physicochemical, biological, and microbiological. Accepted methods for various pur- 
poses have been described (1,2,3,8,19). 

For many of the vitamins whieh have been investigated thoroughly, a reference 
standard has been either officially or tentatively adopted. The World Health Organ- 
ization of the United Nations is the present sponsor of standards which are being used 
internationally. The biological activity of definite weights of highly purified prepa~ 
rations is accepted as the unit of activity, which is expressed as an International Unit 
(1.U.). The International Units are the basis for the U.S. Pharmacopeia Units (U.8.P. 
units) used in the U.S. and for the Medical Research Council Units (M.R.C., units) 
used in England. 

The requirements of vitamins by man and livestock are most important from a 
practical point of view. The latest and most outstanding efforts at setting up stand- 
ards for these requirements have resulted in a series of publications by the Food and 
Nutrition Board and the Committee on Animal Nutrition of the National Research 
Council. ‘Table IV lists the recommended dictary allowances for humans (13), and 
Table V the stress requirements for vitamins, in accordance with the National Research 
Council Report on Therapeutic Nutrition (7). 


TABLE V. National Research Council Report on Therapeutic Nutrition. 








Vitamin Daily atress requirements (13), oral dosages 

Thiamine Effect of stress not established; during antibiotic administration, 
however: 10-25 mg. for first 10 days, 5 mg. maintenance dose 
thereafter 

Riboflavin 10-15 mg. during acute phase, slowly decrease to 1.8 mg. 

Niavin 50-100 mg, during severe illness; up to 500 mg. during first 7-10 days 
of serious depletion 

Pyridoxine (Ba) 2 mg, nutritional depletion, burns, etc. 

Vitamin By 2-4 + during severe illness, radiation injury, ete. 

Pantothenic acid 20 mg. nutritional depletion, burns, etc. 

Ascorbic acid 300 mg. moderate stress, up to 1000 mg. during acute phase of stress 


(fractures, etc.) 








Table VI lists the domestic animals for which vitamin recommendations have been 
made. | 
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TABLE VI. Recommendations for Domestic Animals, 
Domestic ee - - ~ a 
animal Typo Svurce 
Chickens 0-8 wk.; 8-18 wk.; laying hens; breed- National Research Couneil Publ. 301, 
ing hens “Nutrient Requirements for Poul- 
try,” rev, 195-4 
Turkeys 0-8 wk.; 8-16 wk.; breeding turkeys As above 
Ducks Starting and growing ducks As above 
Swine Market stock of 25-250 lb.; pregnant National Rescarch Council Publ. 295, 


Dairy cattle 


females and breeding boars; lactating 
females 
Dairy heifers; mature cows; breeding 


“Nutrient Requirements for Swine,” 
rev. Aug. L053 
National Research Council, ‘“Iecom- 


bulls mended Nutrient Allowances for 


Dairy Cattle,” rev. April 1950 


Beef cattle Heifers and steers; bulls; wintering National Reseureh Couneil, “Recom- 
weanling calves; wintering yearling mended Nutrient Allowances for 
cattle; wintering pregnunt heifers; Boef Cattle,” rev. Dec. 1950 
wintering pregnant cows; cows nurs- 
ing calves 
Sheep Bred ewes, ewes in lactation; lambs National Research Council, ‘Reeom- 
and yearlings; fattening Iambs mended Nutrient Allowances lor 
Sheep,” rev. Aug. L044) 
Horses Growing and mature horses; preg- National Research Couneil, “Recom- 
nant and lactating mares mended Nutrient Allowances for 
Horses,” March 1919 
Fox | Natural Research, Council, “Nutrient 


Requirements for Foxes and Mink,” 
Minke | 1953 

Dogs by body weight und by breed National Research Couneil Publ. 300, 
“Nutrient Requirements for Dogs,” 
Dee. 1053 





FOOD FORTIFICATION 
Ii is agreed, by most nutrition scientists that certain steps which have been taken 
in the field of food fortification such as the vitamin enrichment of flour and bread, the 
iodization of salt, the addition of vitamin A to table fats, of vitamin D to milk and the 
vitamin enrichment of atuimal feeds, have proved advantageous for nutrition and health. 
At the same time it is recognized that the unlimited fortification of our food supply 
with specific nutrients can be undesirable. With respect to these considerations, the 
Council on Foods of the American Medical Association and the Food and Nutrition 
Board of the National Research Council have issued a “Joint Statement of General 
Policy in Regard to the Addition of Specific Nutrients to Foods” (10). The require- 
ments for the endorsement of a specific fortification are: (a) a clear indication of a 
probable advantage of an increased consumption of the nutrient in question; (6) 
assurances that the food item concerned would be an effective vehicle of distribution 
for the nutrient to be added, and (c) that such an addition would not be prejudicial to 
the achievement of a diet good in other respects. The statement favors, as well, the 
principle of restoration, that is, the replacement of nutrients lost in the refining process 
up to their natural level rather than beyond that point. 
The following endorsements were reaffirmed from an earlier paper (9): 
Restoration of processed cereals with thiamine, riboflavin, niacin, and iron. 
Tinrichment of white bread and flour with thiamine, riboflavin, niacin, and iron. 
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Fortification of milk with 400 units of vitamin D per quart; of margarine with not 
less than 9000 units of vitamin A per pound; and of salt with iodine. 

See also Bakery processes and products, Vol. 2, p. 287; Cereals, Vol. 3, p. 626; 
Dairy products, Vol. 4, pp. 789, 822; Margarine, Vol. 8, pp. 801, 803. 

Table VII lists the range of the amounts of the various ingredients which the Food 
and Drug Administration has declared as either required or optional in the enrichment 
program for staple products (5). 


TABLE VIL. Standards and Proposed Standards for Food Products. 





Required ingredients per pound 





























~ Thiamine, me. Riboflavin, ing. Niacin, me. 
Product Min. Max. Min. Max. Min. Max. 
Flour 2.0 2.5 2 1.5 16.0 20.0 
Bread 1.1 1.8 0.7 1.6 10.0 . 15.0 
Corn products 2.0 3.0 1.2 1.8 16.0 24.0 
Macaroni products 4.0 5.0 1.7 2.2 27.0 34.0 
Farina 1.66 _— 1.2 — 6.0 _ 
~ ~~ a 0 ptional ingredients per pound 
Required aoe 
iron, mg. Calvium, mg. Vitamin D (U.8.P. units) 
Product Min, Max. Min, Max. Min. Max, 
Flow 13.0 16.6 500 625 250 1000 
Bread 8.0 12.5 - 800 800 150 750 
Com products 18.0 26.0 500 750 250 1000 
Macaroni products 13.0 16.5 500 625 250 1000 
Farina 6.0 _ 500 —_— 250 _ 





Antivitamins 


Antivitamins is a term applied to compounds which act as antagonists to specific 
vitamins. Thus they belong to the general class of antimetabolites. The concept 
of antagonists was proposed in. 1940 by Woods (20) upon his discovery of the ability 
of p-ammobenzoic acid to counteract the bacteriostatic effect of sulfanilamide. The 
general theory was developed by Woolley (21), who contributed many of the specific 
examples of antimetabolites known today, The ratio of the amount of antimetabolite 
needed to overcome a unit weight of the vitamin is called the inhibitzon index. This 
index is a constant if the antagonism is competitive. or example, in the case of the 
PABA-sulfanilamide antagonism the inhibition index is 5000, meaning that it takes 
5000 times as much of sulfanilamide as of PABA to obtain inhibition of bacterial 
growth. 

There are many compounds which are vitamin antagonists when measured in 
tests involving enzymes or microorganisms. Only a few of these, however, are effec- 
tive antagonists In the animal orin man. ‘The more important ones are summarized 
in Table VIIT, which indicates also the place in this Encyclopedia where some of these 
compounds have been discussed. 

The term antivitamin is applied also to compounds which render a vitamin in- 
effective either by binding it in such a fashion as to make the vitamin unavailable to 
the organism, or by converting a vitamin into a compound of different chemical struc- 
ture. An example of the former type is avidin, the protein present in egg white, 
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TABLE VIII. Vitamin Antagonists. 














Vitamin : Antagonists Reference 
Ascorbic acid p-Glucouscorbie acid Vol. 2, p. 159 
Thiamine Oxythiamine, pyrithiamine Vol. 14, p. 47 
Riboflavin 7-Chloro-6-methy riboflavin — 
Nicotinic acid @-Acetylpyridine, pyridine-8-sulfonic acid — 
Pantothenic acid w-Mothylpantothenic acid Vol. 9, p. 809 
Biotin Avidin Vol. 2, p. 520 
Pyridoxine 4-Desoxypyridoxine, methoxypyridoxine, 5- Vol. 11, p. 305 

desoxy pyridoxal 
Folic acid Aminopterin (4-aminopteroylglatamie acid) Vol, 6, p. 783 
o-Aminobenzoic acid Sulfanilamido Vol. 2, p. 472; Vol. 13, 
p. 280 





which binds biotin. An example of the latter type is thiaminase, a group of enzymes 
which convert thiamine into mactive compounds. There is evidence, for example, that 
thiamine may be esterified by one enzyme or split into several molecules by one or 
more different thiaminases. 

Although vitamin antagonists are produced commercially only on a small seale, 
several are being used clinically on an experimental basis, For example, aminopterin 
and other folic acid antagonists are being explored as chemotherapeutic agents for the 
regression of tumors, the treatment of leukemia, and other pathological conditions. 
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H. R. Rosenserc anp Mounts G. WELLER 
VITAMIN A 
Vitamin A, CHO, is an isoprenoid polyene alcohol, all-trans-3,7-dimethyl-9- 


(2,6,6-trimethy]-1-cyelohexen-1-yl)-2,4,6,8-nonatetraen-l-ol (I). It is also known as 
vitamin A, and axerophthol (37); other names, now obsolete, are fat-soluble A, 


HC CH, Hs CHa 
. H=CHC=CHCH=CHC=CHCH,0H 
ee @ 3.7 6 5 4 39 21 
ey 
CH; (Ta) 
H,C CH; Hs CHa 


| 
CH=CHC=CHCH=CHC=CHCH,0H 
oe 8 § 10 1 2 8 1 


CH, (Ib) 
Vitamin A 


ophthalamin, biosterol, the antixerophthalmic vitamin, and the anti-infective vitamin. 
It is characterized physiologically by its ability to produce growth and cure xerophthal- 
mia in vitamin A-deficient rats, but its actual physiological role is presumably much 
more encompassing and complex. In nature it occurs in the animal organism only, 
accompanied by minor quantities of a mono-cis isomer, neovitamin A. Both isomers 
have been prepared synthetically. Four additional geometric isomers of vitamin A are 
now known through synthesis. 

A derivative (IT) of vitamin A, differing only in the presence of an additional 
double bond in the ring, occurs in fresh-water fish. It has also been prepared syntheti- 
eally. Since its physiological properties are comparable to those of vitamin A, it is 
called vitamin Az, Vitamins A, and A» are the only known members of the group 
sometimes referred to as ‘the vitamins A.” The term “vitamin A” used in this sense 
denotes a naturally occurring compound which fulfills per se all the biological functions 
of vitamin A. A number of synthetic compounds show vitamin A-like activity in 
producing growth in vitamin A-deficient rats, but these cannot be called “vitamins A”’ 
since they do not appear to occur in nature, 


HC CH; es GH: 
CH=CHC=CHCH=CHC=CHCH.0H 
CH; 


(II) Vitamin As 


792 VITAMINS (VITAMIN A) 


Structurally, vitamin A is very closely related to the carotenoids, and may be 
regarded formally as a degradation product of the 6-ionylidene carotenoids. ‘These are 
naturally occurring isoprenoid polyenes composed of 40 carbon atoms and containing 
a terminal unsubstituted S-ionone ring. In the animal organism they are metaboli- 
cally degraded to vitamin A and ave therefore called pravilamins A. Both vitamin A 
and the carotenoids structurally obey the “isoprene rule,” but because of their many 
special features they are not customarily considered terpenoids (see Vol. 13, p. 705) 
but rather a class by themselves. 


No official numbering system, such as that adopted for the carotenoids (sce p. 801) exists for 
vitamin A. The systematic name given above follows the numbering of the Geneva systera, shown 
in (la), and is used by Chemical Abstracts, but several other different methods of numbering are also 
eurrently in use. In view of the close relationship between vitamiu A and the carotenoids, the official 
carotenoid numbering system will be arbitrarily applied to vitamin A, as shown in (Ih), in the subse-~ 
quent sections; thus 13,14-e7s-vitamin A corresponds to 2-c7s-vitamin A (C.A.), and 9,10-13, 14-di- 
cis-vitainin A to 2,6-di-cés-vitamin A (C.A.). The methyl groups attached to the ring are shown 
only in formulas (I) and (ID) and are represented by bonds in later formulas. 


History (28). In 1918, McCollum and Davis, and, nlmost simultaneously, Osborn and Mendel, 
published the results of experiments which showed that rats could not develop normally on a purified 
diet of proteins, fats, carbohydrates, and minerals unless butler, egg-yolk extract, or cod-liver oil 
was added. They coneluded, therefore, that these substances contained a hitherto unrecognized 
factor (or factors) indispensable for normal growth and development. Similar experiments and 
observations had been made earlier (1906-7) by Hopkins in Englund, but unfortunately the results 
were not published until much later, The new factor was called ‘fat-soluble A,” to distinguish it 
from another factor, ‘water-soluble B,” found, shortly afterwards, to he likewise indispensable [or 
normal nutrition. 

Another fat-soluble factor, distributed in much the same manner as fat-soluble A (in the non- 
saponifiable fraction of butter aud cod-liver oil) waa found in 1919 by Mellanby to he responsible for 
the prevention of rickets. This new factor was eventually distinguished from fat-soluble A by 
McCollum, who showed that the growth-promoting activity of cod-liver oil wus completely destroyed by 
aeration at 100°C. without affecting the antirachitic activity present. (See “Vitamin D.”) Tn 1937 
the existence of a second growth-promoting substance was recognized and called vitamin As (14,23). 

During the 1920’s, in spite of numerous unsuccessful attempts at isolating and chemically 
identifying vitamin A, the importance of its biologien! role became well established. Positive correla- 
tions between its growth-promoting activity, spectral extinction at 325-328 my, and the intensity of 
the blue color formed with antimony trichloride permitted a reasonably accurate estimation of the 
vitamin without resorting to the laborious bioassay. Much richer sources than cod liver were found 
in other fish, especially halibut, from which concentrates containing at least 50% of the vitamin could 
be made. 

It was first demonstrated by Steenbock, in 1920, that carotene (Cys), & normal constituent of 
plants, can adequately replace vitamin A im the diet. Subsequently, many varietica of vegetables 
‘were found to be potent, sources of vitamin A activity. In 1930 Moore unequivocally demonstrated 
the conversion of f-carotene to vitamin A in rats, thereby establishing the role of certain carotenoids 
as provitaming A. Chemical degradation studies of 8-carotene and of vitamin A, going on in other 
laboratories at the same time, lecl to the recognition of the intimate chemical relationship hetween the 
two, and in 1931 the correct structural formulas for the two compounds were proposed by Karrer 
(42). That of vitamin A was shortly afterwards confirmed by Karrer by identifying a specimen of 
fully hydrogenated vitamin A with perhydrovitamin A obtained by synthesis (41). The formula of 
6-carotene was later confirmed by other workera. 

A crystalline form of vitamin A was first isolated by Holmes and Corbet in 1987 as a mono- 
methanolate (31). The pure unsolvated form and soveral of its pure crystalline esters were eventu- 
ally obtained by Baxter and Roheson in 1042 (6), Crystalline neovitamin A was isolated in 1946 by 
the same workers (57), 

Isler and his co-workers (1947) (34) were the first to synthesize the pure crystalline vitamin. 
Previous syntheses by Kuhn in Germany (1937) (44) and Milas in the U.S. (1940) (48) yielded impure 
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though biologically active products. In 1950 the synthesis of 8-carotene was reported by Karrer in 
Switzerland and Inhoffen in Germany (38). 


Vitamin A and Cis Isomers 


As a growth-promoting substance, vitamin A is the most potent stereoisomer 
(all-trans) of (I) aud is more active than any synthetic vitamin A-like or provitamin A 
compound now known. 


PROPERTIES OF VITAMIN A 


Vitamin A is a pale yellow crystalline solid, m.p. 62~64°C., which can be purified 
by crystallization from ethyl formate or petroleum ether at low temperatures (6, p. 
2411). It erystallizes from methanol as the monomethanolate, m.p. 8°C. (31). Vita- 


7O 
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Fig. 1. Ultraviolet absorption curves in 95% ethanol of vitamin A (solid 
curve), vitamin A, (broken curve), and retrovitamin A (dotied curve). 


min A is insoluble in water but dissolves readily in the usual fat solvents. The parti- 
tion coefficient between petroleum ether and 83% ethanol is 0.82 (15). It is readily 
adsorbed on alumina, magnesia, and other neutral or alkaline adsorbents, making pos- 


sible its isolation from mixtures by chromatography. Acidic adsorbents destroy it. 
It fluoresces in ultraviolet light. 
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Vitamin A shows a very characteristic ultraviolet absorption spectrum, which 
consists of a single-peaked absorption band, oreo W395 mu, Em 1,830, « 52,800 (59), 
rather than the usual triple-peaked band of conjugated polyenc alcohols and hydro- 
carbons (Fig. 1). Its absorption maximum is considerably displaced toward the 
shorter wave lengths from that: usually shown by equally substituted conjugated pen- 
taenes. These unique spectral features of vitamin A are duc to steric hindrance in the 
molecule between one of the 1-methyl groups and the 8-hydrogen. Such hindrance is 
present in all 6-ionylidene compounds (52). 

Reactions. As 2 conjugated polyene, vitamin A shows the usual reactions of 
conjugated double bonds. It is oxidized readily by atmospherie oxygen, especially 
in the presence of light and heat. In an inert atmosphere it still deteriorates in ultra- 
violet light but is quite stable to heat, and can be distilled in high vacuum, bo.oos 120-— 
125°C. (30), Oil solutions can be stabilized toward oxidation by means of anti- 
oxidants such as a-tocopherol (see “Vitamin E”’). The last two double bonds of the 
side chain readily participate in a Diels-Alder reaction with maleic anhydride (59) 
(see Vol. 8, p. 682). Catalytic hydrogenation yields the biologically inactive perhydro 
compound. 

As a primary alcohol, it readily forms esters and ethers, which can be used for 
characterization: acetate, m.p. 57-58°C.; palmitate, m.p. 27-28°C.; »-phenylazoben~ 
zoate, m.p. 79-80°C. (6, p. 2407); anthraquinone-2-carboxylate, m.p. 122-123 °C. (57); 
of the known ethers, only the methyl, m.p. 34-385°C., and the phenyl, m.p. 90-92°C., 
are solids (85). ‘The esters and ethers are more stable than the free alcohol. The 
acetate is the basis of definition of the International and U.S.P. units of biological 
activity (see p. 807). 

Vitamin A is not affected by alkali, but because of the allylic nature of its hydroxyl 
group it very readily rearranges and dehydrates in the presence of acids (see Scheme 1), 
yielding anhydrovitamin A (IID) (47,63). This is an orange-yellow crystalline con- 
jugated hexaene showing intense absorption bands in the ultraviolet, AAC#OF 350, 368, 
and 389 my. It is very frequently encountered in various chemical manipulations of 
vitamin A, especially when acids, even in traces, are present. It almost always ap- 
pears as an artifact in the chromatography of vitamin A. The esters and ethers under- 
go the same reaction. 


ScHEME | 


CH Bs 
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Oxidation with manganese dioxide yields the corresponding aldehyde, all-trans- 
retinene (3,7 - dimethy]-9-(2,6,6-trimethyl-1-cyclohexen - 1 - yl) - 2,4,6,8-nonatetraenal 
(C.A.)) (4), m.p. 57, 65°C. (dimorphic forms), AG:H*OH 381 mu, ¢ 43,400 (58). This 
aldehyde occurs naturally in retinas, The corresponding acid, vitamin A aeid, has 
m.p. 182°C., \UEOM 348 my, € 45,000 (59). 

With antimony trichloride in chloroform solution, vitamin A gives a character- 
istic blue color, ACEC" 620 my (Carr-Price test), which is the basis of an analytical pro- 
cedure (see p. 809). Other inorganic halides, like arsenic trichloride, stannic chloride, 
boron trifluoride, and certain acid earths also give intense colors with vitamin A. 

On treatment with catalytic quantities of iodine, vitamin A is partially slereoiso- 
merized to neovitamin A (see below). The ratio of the two isomers at equilibrium is 
approximately 7 all-trans:3 neo (57). 


PROPERTIES OF CIS ISOMERS 


Of the known cis isomers of vitamin A, three are “unhindered” and two are “hin- 
dered’? (see p. 805). 

13,14-c7s-Vitamin A (Neovitamin A) (57,59). This isomer shows about 75% of 
the biological potency of vitamin A in the rat-growth test (1). It is a pale-yellow 
crystalline solid, m.p. 58-59°C.; »-phenylazobenzoate, m.p, 94-96°C,; anthraquinone- 
2-carboxylate, m.p. 134—-136°C. Its ultraviolet absorption curve, AG:##°” 398 my, H}%,, 
1,690, « 48,300, is very similar to that of vitamin A. The shift of its absorption maxi- 
mum to a higher wave length is characteristic of polyenes having a terminal cis con- 
figuration (53). The physical and chemical properties of neovitamin A are similar to 
those of vitamin A, but some of its reactions, such as the formation of anhydrovitamin 
A (IIT) and the condensation with maleic anhydride, are much slower as a, consequence 
of the terminal cis configuration, ‘The latter reaction makes possible its estimation 
in mixtures with vitamin A. Oxidation with manganese dioxide yields 13,14-ets- 
retinene (neoretinene), m.p. 77°C., \C249% 375 my, ¢ 35,600 (58). The corresponding 
18,14-cis-vitamin A acid (neovitamiu A acid) has m.p. 174-175°C., \CH*OF 354 muy, ¢ 
39,800. The Carr-Price test gives the same blue color observed with vitamin A. 

Neovitamin A can be separated from vitamin A by chromatography, being less 
strongly adsorbed than vitamin A on alumina, magnesia, or sodium aluminum silicate. 
It can be stereoisomerized to vitamin A by catalytic quantities of iodine, which pro- 
duces the same equilibrium mixture of the two isomers that is obtained from vitamin 
A (see above). 

9,10-cis-Vitamin A (59). This isomer shows only about one-quarter the biological 
potency of vitamin A (1). It is a pale-yellow crystalline solid, m.p. 81.5-82.5°C.; p- 
phenylazobenzoate m.p. 79-80°C. Its ultraviolet absorption curve shows a single- 
peaked absorption band, \S##0" 393 my, «42,300, and a small cis-peak around 260 my. 
Since neither of the last two double bonds of the side chain is cis, reaction with maleic 
anhydride is fast as compared to neovitamin A. Oxidation with manganese dioxide 
yields 9,10-cis-retinene, m.p. 64°C., AS##°* 373 mu, ¢ 36,100 (58). The corresponding 
9,10-cis-vitamin A acid has m.p. 189-191 °C., AGO™ 345 my, €36,900. The Carr-Price 
color is the same as observed with the previous isomers. Catalysis in the dark with 
iodine does not appear to affect the 9,10-cis configuration. ' 

9,10-13,14-di-cis- Vitamin A (59). This isomer has the same biological potency as 
the 9,10-cis isomer (1). It isa pale-yellow crystalline solid, m.p. 58-59°C.; p-phenyl- 
azobenzoate, m.p. 91.5-92.5°C. Its ultraviolet absorption curve, AGO 394 my, « 


mex. 
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39,500, cis-peak about 260 mz, is very similar to that of the 9,10-cis isomer. Reaction 
with maleic anhydride is relatively slow because of the terminal cis configuration. 
Oxidation with manganese dioxide yields the corresponding di-cts-retinene, m.p. 49, 
85°C. (dimorphic forms), AGO 368 my, € 382,400 (58). The corresponding d2-cts-vita- 
min A acid has m.p. 135-136°C., AC:HLOH 3.46 my, € 34,500. The Carr-Price color is 
the same as observed with the previous isomers. Catalysis with iodine in the dark pro- 
duces an equilibrium mixture with the 9,10-mono-cis isomer above. 

11,12-cis-Vitamin A (55). This is a sterically hindered cis isomer (see p. 805). 
It has less than 3% of the biological potency of vitamin A. It is a pale-yellow oil; 
p-phenylazobenzoate, m.p. 99-100°C. ; anthraquinone-2-carboxylate, m.p. 189-140°C, 
Its ultraviolet absorption curve shows a single-peaked band, ACOT 319 my, € 26,000. 
Iodine catalysis completely inverts the 11,12-cis configuration, and vitamin A can be 
isolated from the mixture as the major product. 

7,8-cis-Vitamin A (55). This is also a sterically hindered cis isomer (see p. 805) 
showing about one-quarter the biological potency of vitamin A (1). It is a pale- 


yellow oil, \ortsOH 999 mu, € 26,900, obtained by reducing the carbonyl group of the 


corresponding 7,8-cis-retinene (neoretinene b (32, 58)), m.p. 64.5°C., NEON 376 my, 
24,300, with sodium borohydride or lithium aluminum hydride (12). Neoretinene b is 
obtained by irradiating all-trans- or neoretinene with visible light. Other workers 
(58,59) consider neoretinene andl its corresponding alcohol to have an If, 12-13, 1-4-di- 
cis configuration. 


OCCURRENCE 
Vitamin A occurs naturally only in animals, both land and marine. It is dis- 


tributed in many orgaus, but is usually concentrated in the liver as an ester of higher 
fatty acids (11). Animal products such as milk, cream, butter, cheese, and eggs are im- 














Food LU. per 100 a. he Food LU, per 100 gabe 
Cereals Fruits 
Wheat.... 0.000... 0 Oranges. .......0... 170 
Rice... 02. 0 Apricota......... 0. 2,500 
Rye... es 0 Mangoes........... 1,900 
Barley... 0.00000... 0 00, 0 Persimmons......,.. 1,900 
Oats... 0 Cantaloupe......... 1,200 
Cormeceeae 450 Animal Products 
Vegetables Beef... ee 50 
Tomatoes.............5.. 700 Veal... ee. 30 
Cabhage..........00...0. 100 Pork... 0... eee. 0 
Brocooli.,.............0.. 3,500 Lamb,............. Negligible 
Carrots, ......0..0.0..00. 2,000 Chicken. ...00..0... 400 
Spinach.............0.... 9,400 Turkey............. 600 
Dandelion preeng.......... 10,000 Fresh fish (all).......  Negligible-100 
Wale... epee eee eee ee.) 7,600 Lobster, shrimp... .. 1,000 
Beans (snap orstring)...... 400 Bega... cece 1,000 
Potatoes (white). ......... 0 Dairy products 
Sweet potatoes............ 500 Milk... 2... ec... 100 
Cream... 0.00.0... 800 
Cheese (Cheddar)... . 1,400 
Butter. 2.00.0... 3,200 
Ghee 2,500 





* For the vitamin A content of fish-liver oils see Vol. 6, p. 570, 


® Calculated on basis of the carotene content, Vitamin A content added when present. 
¢ Edible portion only. 
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portant food sources (see Table I) (19) but not industrial sources. Until realization of 
its commercial synthesis, fish-liver oils constituted the most important industrial source 
of vitamin A. Salt-water fish are richest, geuerally containing both all-trans- and neo- 
vitamin A approximately in the ratio of 65:35 (57). There is no evidence that any 
other stereoisomers of vitamin A oecur i nature. Fresh-water fish contain, in ad- 
dition, vitamin A». In some species the oils from the viscera are richer in the vitamin 
than the liver oils. For further descriptive details and methods of isolating and con- 
centrating the vitamin see J’ésh-liver oils. 


SYNTHESIS OF VITAMIN A AND ITS STEREOISOMERS 


Vitamin A can now be synthesized by a number of methods. A comprehensive 
review covering the various approaches and the chemistry involved has been written 
by Baxter (5). The commercial method most widely used today is that shown in 
Scheme 2. This approach was originally proposed by Heilbron in England (1942) (27) 


Scummn 2 


CH: CH 
CH=CHC=0 — cicu.coor CH,CH=CCHO ay 
— 
NaOClls, NaOtl 
(IV)  B-ionone (V) "Cy aldehyde” 
CH, CH, CH 
LAC me i+ 
0=CCH=CH; ESSE HCmCYCH= CH — "> CH=CC=CHCH,OH (2) 
OH 
(VI) (VII) (VII) 
CH, CH, 
CH, l | 
| (1) Celis MgBr CH,.CH=CCHC=CC=CHCH,OH a) mm, Fd 
1 = 4 = at 
CH=CC=CHCHLOH~ bu @) CH,COG, 
(¥) CysHsN 
(VIX) (IX) (3) HX, —26°C., 
CBs CH, 
Compa monosecnen cron coco CyHN 
! —__ > 
x 
(X) 
(3) 
CH; CH, 


| | 
Cuma CHCH=CHC=CHCH,0OCCH; 


(XI) vitamin A acetate 


but was first successfully carried out by Isler of Switzerland (1947) (84). Earlier 
(48), # somewhat different form of this synthesis was conceived and carried out by 
Milas in the U.S. 
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The starting material in equation (1), 8-ionone (LV), is a well-known commercial 
produet employed for many years in the perfume industry (see Vol. 10, p. 23; Vol, 18, 
p. 717). This is condensed in a Darzens reaction with methyl or ethy! chloroacetate, 
The resulting glycidic ester (not shown in Scheme 2) is simultaneously hydrolyzed, 
decarboxylated, and rearranged to the “Cy, aldehyde’’ (V) by the unique method of 
simply stirring the crude Darzeus reaction mixture with methanolic alkali at 5°C, 
The high yield of aldehyde obtained in this way (80%) is one of the features of this 
synthesis that helped make it commercially practical. Next, methyl vinyl ketone 
(VI) is condensed in liquid ammonia with lithium acetylide to yield ethynylmethyl- 
vinylearbinol (3-methylpent~1-en-4-yn-3-ol, VII). This is allylically rearranged 
in dilute acid to 3-methylpent-2-en-4-yn-l-ol (VITD) (equation (2)), Conversion of 
(VIII) to the Grignard reagent by means of ethylmaguesium bromide, followed by 
condensation with the “Cy, aldehyde” (V) gives the carbon skeleton of vitamin A 
(IX) (equation (8)). The acetylenic bond is then selectively semihydrogenated by 
means of a specially poisoned palladium catalyst. Acetylation of the primary hy- 
droxyl group of the glycol (IX) in the next step to the monoacetate prior to the final 
dehydration is vital to the achievement of a good yield of vitamin A. The glycol 
monoacetate (not shown) is shaken in chloroform solution at — 25°C. with concentrated 
hydrochloric or hydrobromic acid, and the resulting acetoxy halide (X) then treated 
with a weak base such as pyridine to remove the elements of hydrochloric or hydro- 
bromie acid, thus forming the fifth double bond. The viscous sirup obtained is dis- 
solved in anhydrous ethyl formate or ethyl alcohol, from which crystals of vitamin A 
acetate CXI) are deposited on cooling. The free alcohol is then obtained by alkaline 
hydrolysis of the acetate. The yields in cach step commencing with the concensation 
of (V) and (VIID) are reported to be better than 80% (34.,,35,75-79). 

Market Forms. Vitamin A is marketed as the crystalline alcohol and acetate or 
as the liquid palmitate either in neat (undiluted) form or as stabilized vegetable oil 
concentrates, A stabilized powder form used widely today has been achieved by 
coating the dry acetate with a very thin layer of gelatin (9). Oleovitamin A, U.S.P. 
XV, N.N.R., is a vegetable or fish-oil solution of vitamin A or its esters, cither nat- 
ural or synthetic. Many methods are also available for dispersing vitamin A into 
aqueous media(74,77); these dispersions are sold as water-miscible vitamin A, US.P. 
XV, N.N.R. 


TABLE IL. Production and Price Trends of Vitamin A (Pharmaceutical Grade). 





Amount produced, 


Lmoun Price range in conta per million wnits 
in billion tnita— - ~— — _ 











Year aleohol and esters Natural Synthetic 
1949 —_ 50-30 55-43 
1950 26, 890 28-16 40-17 
1951 67, 167 17-14 18 
1952 73,322 15 15 
1953 106,946 15-12 15-12 
1954 — 12 12 





Prices and Production. The appearance of the synthetic produet on the market in 
1949 has caused a steady drop in price from 55 cents per million units in that year to 
12 cents per million in 1955. Production and price trends are shown in Table IT. 
It is estimated that 80% of all the vitamin A produced today is synthetic. 
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13,14-cis-Vitamin A (Neovitamin A). This isomer is the sole product of the 
reaction sequence shown in Scheme 3 when 9,10-érans-6-ionylideneacetaldehyde (3- 
methyl-5-(2,6,6-trimethyl-1-cyclohexen-1-yl)-2,4-pentadienal) (XII) is the starting 
material (59). On condensation with cither cis- or trans-8-methylglutaconic ester 


SCHEME 3 
CHs CH; 
A “4 [ wtTes ' NaQH 
H=CHC=CHCHO + GHC=CHCOOGHs 
COOC.H, 
(XII) (XIII) 
Gus Gis 
Cumann CHCOOH lutidine 
COOH Cuts 
(XIV) 
 oneoat 
(oR oneroremeemexcoon LIAIH, - 
“5. 
(XY) 
CH; CH; 
(on moncmoncHimce senor. 
cw 


(XVI) neovitamin A 


CXTIT), this yields a single stercoisomer of 12-carboxyvitamin A acid (XIV). ° The 12- 
carboxyl group is then removed by heating in lutidine containing catalytic quantities 
of copper acetate. The product consists solely of neovitamin A acid (XV), which is 
readily reduced to neovitamin A (X VQ) with lithium aluminum hydride. 

9,10-cis-Vitamin A. This can be obtained by reducing the corresponding cis- 
vitamin A acid with lithium aluminum hydride (59). 

9,10-13,14-di-cis-Vitamin A. By starting with the 9,10-cis isomer of (XID) and 
employing the reaction sequence shown in Scheme 8, the 9,10-13,14-di-cis isomer is 
obtained as the sole product (59). 

11,12-cis-Vitamin A (XTX). This isomer can be obtained by the reaction 
sequence shown in Scheme 4, which starts with the acetylation of (IX). The de- 
hydration of the monoacetate (XVII) is carried out in boiling benzene containing a 
catalytic quantity of p-toluenesulfonic acid. The semihydrogenation of the resulting 
11,12-dehydrovitamin A (XVIII) can be effected with a poisoned Raney nickel or 
palladium catalyst, The product is isolated and purified by chromatography on 
alumina (55). 

7,8-cis- Vitamin A. This isomer can be synthesized by the stereoisomerization of 
alltrans-retinene to 7,8-cis-retinene (neoretinene b) (see p. 796), followed by the 
reduction of this product to the aleohol (12). 
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ScuEeME 4 





Gis qu 
CH.CH=CCHCs:CU=CHCHLOH = CH COC! 
(IX) 
CH; CH: 
CH,CH=CCHC=CC=CHCH.VOCCH, (1) Itt 
bu (2) alkaline hydrolysis > 
(XVI) 


GH Es 
CH=CHC=CHCSCC=CHCH,OH iy (ha or Ni) 
= 


(XVIII) 
CH; CH; 


| | 
CH=CHC=CHCH=CHC=CHCH,OH 


cis 


on ns 


(KIX) 11,12-cts-vitamin A 


Vitamin A. 


Vitamin As has 40% of the biological potency of vitamin A (62), Although it can 
adequately replace the latter in the rat-growth test, there is no indication up to the 
present that it plays any significant role in mammalian nutrition. It occurs in the eyes, 
livers, viscera, and intestines of fresh-water fish. Its intimate chemical relationship to 
vitamin A was realized early, but the difficulty tn isolating the pure material seriously 
hampered work on its chemical structure. Its empirical formula, CeoHssQ, was first 
demonstrated by Shantz (1948), who was able to prepare a pure crystalline p-phenyl- 
azobenzoate, m.p. 76-77°. On hydrolysis this ester yielded the first pure specimen of 
vitamin As, as a viscous orange-yellow oil (61). 

The structure of vitamin Ay was shown to be 3,4-dehydrovitamin A (TI) by Jones 
and his co-workers through synthesis (1951) (18). This was accomplished, as shown 
in Scheme 5, by brominating the methyl] ester of vitamin A acid (XX), dehydrobro- 
minating the resulting ring bromo compound (XXII) with 4-phenylmorpholine, and re- 
ducing the methy] ester of vitamin A, acid (XXII) thus obtained with lithium alumi- 
num hydride, The synthetie product, a visecons yellow oil, proved to be identical 
with the natural material obtained by Shantz. 

The ultraviolet absorption curve of the purest nattval material shows AGHO# 
287 my, ¢ 28,300, and 351 my, e 41,500; the synthetic product shows two peaks, 
AGHLOW 988 mu, € 21,900, and ACOH g59 41,300. The Carr-Price color shows 
maximal absorption at 693 mu. Vitamin A», is much more sensitive to air than vitamin 
A as a consequence of its additional double bond. Like vitamin A, it is very sensitive 
toacids. The product obtained on treatment with acids (ethanolic hydrogen chloride) 


VITAMINS (VITAMIN A) 8021 


Scurmme 5 


CH; CH; 


| | 
Cr CH=CHC= CHCH=CHC= CHCOOCH, N-bromosticeinimide 
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Cr CH=CHC= CHCH=CHC=CHCH,0H 


(II) vitamin A» 


was assumed for many years to be anhydrovitamin Ag, the conjugated heptaene analog 
of (IIT), but recently Jones has shown that it is actually 3-ethoxyanhydrovitamin A 
* (29), Oxidation of vitamin A» with manganese dioxide yields retinene, m.p. 77-78 °C., 
AH 988 mu, € 41,100. This aldehyde occurs naturally in the retinas of fresh-water 
fish (66). 


The Provitamins A 


No official definition exists for a provitamin A, Usage has eoufined the term to 
those naturally occurring carotenoids whieh are transformed in vivo to vitamin A and, 
as a consequence, possess vitamin A activity (60). The Couneil on Pharmacy and 
Chemistry of the American Medical Association regards the term ‘‘provitamin A” 
as a synonym for e-, B-, or y-carotene, N.N.R. OCXITI) and tor cryptoxanthin (3- 


Gis Gs Cus CH; 
a1 g7-CH=CH—C=CH—CH=CH— C=CH— CH=CH—CH=C—CH=CH—CH=C— CH=R 
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hydroxy-6-carotene) (50), but these are not the only carotenoids that show provitamin 
A activity (see Table III). In the broad sense, any compound that can be converted 
in the animal body to vitamin A should be called a provitamin A. This would include 
such products as B-apo-2-carotenal and retinene, which have definitely been proved 
to yield vitamin A in vivo (17,24). Many other biologically active degradation prod- 
ucts of B-ionylidene carotenoids are undoubtedly also provitamins A. A number of 
active synthetic analogs, homologs, and derivatives of vitamin A and of §-carotene 
have been referred to as provitamins A in some of the literature, but such classification 
should be deferred until it is shown whether these compounds are converted in vive to 
vitamin A or are active per se. 


TABLE III. Provitamin A Carotenoids. 








Empirical Percentage of vitamin A 
Compound formula Source activity per mole 
a-Carotene CaBys Most plants 54 (72) 
6-Carotene Cy His Most plants 100 (72) 
y-Carotone Cu Ese Carrots (rare) 42 (72) 
Cryptoxanthin Ci kT ,0 Yellow corn, butter 57 (72) 
Aphanin ClO Blue algae 50 (40) 
Aphanicin On HyO Aphanizomenon flosaquae 26 (40) 
Myxoxanthin CpH.O Blue algae Active (40) 
Fichinenone CinHygQ(?) Sea urchin Active (40) 
Torwarhodin Car HagOe Red yeast. Active (40) 
Mutatochrome Cy F100 Orange peels Active (40) 
(citroxanthin) 
a-Carotene cpoxide CHO Ranunculus acer Active (40) 





The carotenoids are yellow to red polyene pigments occurring in all green tissues 
of plants as well as in many species of fungi, bacteria, and algae. They also occur in 
animals, which acquire them by ingestion of vegetable products. Carotenoids are 
not synthesized in the animal organism. A very comprehensive review of the chemis- 
try of the carotenoids has been written by Karrer (40) and one on their biochemistry 
by Goodwin (25). 

Structurally, the carotenoids are characterized by a long polyene chai composed 
of recurring 2-methyl-2-butene units (“isoprene units”) linearly joined to each other 
by double bonds. The center of the molecule always consists of two such units 
joined “tail-to-tail.”’ In the Cy carotenoids, two additional units are joined to the 
center portion in a head-to-tail fashion with the resulting polyene chain then ending in 
various combinations of citrylidene and o- and 6-cyclocitrylidene groups, as well as 
oxygenated derivatives of these. (See Vol. 18, pp. 705, 716-17.) The lower carot- 
enoids (bixin, Cx; crocetin, Ca) are dicarboxylic acids and may be regarded as 
symmetrical degradation products of Cy precursors. 


The numbering system shown in formula (XXIII) was originally proposed by Karrer and has 
been officially adopted by the International Union of Pure and Applied Chemistry (36) and by the 
Committee on Biochemical Nomenclature of the National Research Council (10). According to this 
last report, aldehydic and ketonic fragments obtained from the degradation of carotene receive the 
“-al” and “-one”’ suffixes only when given the prefix “apo-.” This prefix is usually followed by a 
number, which indicates the double bond, counting the ring double bond as 1 or 1‘, at whieh the 
earotenoid molecule was broken. Thus 8-apo-2-carotenal is the aldehyde formed when the C(8’)- 
C(7’) double bond of carotene is ruptured. However, instead of using separate numbers to refer to 
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the double bonds, it is now recommended that “‘apo-’’ be preceded by a number indicating the carbon 
atom of the ketonic or aldehydic group. Thus 6-apo-2-carotenal would be 8-8'-apocarotenal. 


The biologically active carotenoids and their sources are listed in Table IIT 
(see also Cereals, Vol. 3, p.620). The prime essentials for provitamin A activity are an 
unsubstituted Bionone ring and an unsaturated side chain equivalent at least to that of 
vitamin A. The only exceptions to this rule are the carotenoid epoxides. The 
activity of these derivatives is presumed to be due to the ability of the animal organism 
to remove the epoxide group (40). 

The fact that 8-carotene (XCXIIT), the most active provitamin A, consists of two 
vitamin A moieties symmetrically linked at their terminal side-chain carbons led to 
the postulation that the provitamin A carotenoids owe their activity to in vive cleavage 
at the 15,15’-double bond in the center of the molecule. Although £-carotene should 
on this basis give rise to two molecules of vitamin A, the prepouderance of bioassay 
data show only one molecule of vitamin A to be metabolically available. Present 
international activity standards therefore show a 1:2 relationship between vitamin A 
and @-carotene on a weight basis and approximately a 1:1 relationship on a molar 
basis. (A recent study has been reported indicating that quantitative fission of 8- 
carotene to vitamin A may occur in vivo if the correct amount of a-tocopherol is present 
(48). This has not yet been confirmed by other workers.) The fact that those carot~ 
enoids having only one unsubstituted B-ionone ring show at most only half the activity 
of 8-carotene lends support to the theory of central fission in vivo. It has been pointed 
out, however, that all such carotenoids should show an activity equivalent to that of 
a-carotene, whereas in fact there are significant differences, Whether this is due to 
some inherent property of these molecules or to the uncertainties of the bioassay is still 
a question that remains to be settled, 

Economically, the most important provitamin A carotenoid is 6-carotene. It is 
the most widely distributed carotenoid in nature, and has been found in the leaves of 
all plant species so far examined. The all-trans isomer is a dark-red crystalline solid, 
m.p. 181~182°C., showing a characteristic absorption spectrum, \AC™ 450, 485, and 
520 mz. It gives a characteristic blue color, \CHCk 590 may, in the Carr-Price reaction 
and shows the typical reactions of conjugated double bonds, that is, sensitivity to 
oxygen, light, heat, etc. Itissoluble in the usual fat solvents. 
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Numerous procedures for its isolation from plants have been developed and pat- 
ented. For the most part these consist of solvent extraction of dried carrots, alfalfa, 
leaf wastes, or other dried vegetable residue, and of selective adsorption on materials 
like activated carbon, magnesia, or tricalcium phosphate. Palm oil is also an impor- 
tant industrial source. 

6-Carotene has been synthesized both by Karrer in Switzerland (33) (Scheme 6) 
and by Inhoffen in Germany (33) (Scheme 7). 
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Crude 8-carotene mixed with its isomers has been available for use in animal 
feeds. Pure @-carotene obtained from natural sources has been available in very 
small quantities for research purposes. Recently the Hoffmann-La Roche Company 
has put on the market pure synthetic 6-carotenc both as the crystalline material and 
as a semisolid suspension in vegetuble oil. 


Stereochemical Aspects of the Vitamins and Provitamins A 


The four double bonds in the vitamin A or vitamin A, side chain theoretically 
permit sixteen possible geometric isomers, and the nine in the side chain of 6-carotene 
allow for 272. In the unsymmetrical molecule, e-carotene, 512 geometric isomers can 
be formulated. For many years it was assumed that a cis configuration of type I 
(Fig. 2) in an isuprenoid polyene would be too unstable (because of the steric hindrance 
involved) to be capable of existence. Therefore only cis configurations of type II 
(Fig. 2), as well as that involving the central. 
double bond in the carotenoids, were con- 
sidered possible. This limited the number of 
expected stereoisomers of vitamin A, ®~caro- 
tence, and a-carotene to 4, 20, and 32, respec- 
tively (71). 

However, it was recently shown by syn- 
thesis that these “forbidden” cis configurations 
in isopren oid polyenes are not only possible but TYPE I TYPE 0 
are considerably more stable than had been Fig. 2. The types of cis configuration pos- 
presumed (21,52,53). This finding reestab- sible in isoprenoid polyenes. 
lished 16 and 272 as the maximum number of 
stereoisomers that may theoretically be expectecl for the vitamins A and 6-carotene, 
respectively. 

To date, all three possible “unhindered” cis isomers of vitamin A are known as 
well as two “hindered” cig isomers, the 7,8-cis and 11,12-cis; see Fig. 8. (The hin- 
drance normally present in the 8-ionylidene group is ignored in these considerations.) 
(See p. 799.) The 7,8-cis isomer is thought to play a key role in vision. No stereo- 
isomers of vitamin A, have been isolated, but there is evidence for the existence of a 
13,14-cis isomer (neovttamin As) (18). 

The carotenoids exist in nature predominantly in the all-trans form, but 4 con- 
siderable number of cis isomers have been isolated from natural sources. Notable 
among these are the polycis isomers prolycopene aud pro-y-carotene (11, ch. VIT). 
Additional cis isomers have been obtained by stcreoisomerization of the naturally 
occurring isomers. This is generally accomplished by the action of light, heat, cata- 
lytic quantities of iodine or acids, or, in some cases, simply by solution in inert solvents. 
The mixture of stereoisomers obtained is then separated into its components by chro- 
matography on suttable adsorbents. Deduction of the steric configuratious can be 
made from the changes in the ultraviolet absorption spectra (71). 

The above methods of stereoisomerization usually affect only the unhindered 
type II configurations. The only exception to this rule that has so far been found is 
the photoisomerization of all-trans-retinene or neoretineue to 7,8-czs-retinene, a type I. 
cis isomer (32), 

Some cis isomers can be obtained by stereospecific syntheses. In the vitamin A 
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group this is illustrated by the synthesis of neovitamin A (Scheme 3) and 9,10-cis- 
vitamin A, whereby type II cis configurations are introduced; and by the synthesis 
of 11,12-c7is-vitamin A (Scheme 4), whereby a type I cis configuration is achieved. 
The method in the latter case, that, is, the selective catalytic semihydrogenation of an 
acetylenic bond, is that generally used for introducing a type I cis configuration as well 
as an unhindered cis —-CH=-CH— double bond into a compound (7,52,53). By this 
technique Karrer was able to prepare the sterically hindered U1,12-11',12"-di-cis- 
B-carotene (21), and Inhoffen the 15,15’-czs-6-carotene (central mono-cis-6-carotene, 
Scheme 7) (83). 


CH; CH; CH, l HH, H CH 
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All-trans 13,14-Cis 
(neo) 
CH CH, 
CH; H 3 CHs H | 
CN 67 Nol So7 Nov 
H 4H | H | 4 
cH, No HO “7 
C 
} H 
CH,OH oH So" 
CH,OH 
11,12-Cis 9,10-Cis 
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| H 
C H 
CH,~ “Sc~ 
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CH,OH 
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Fig. 3. Stereoisomers of vitamin A. 


The effect of one or more cis configurations on the growth-promoting activity of 
vitamin A and the provitamins A is shown in Table IV. In each of these stereoiso- 
meric sets, the all-trans isomer is the most potent form. Since a cis configuration 
causes a bending of the molecule, the biological data appear to indicate that an overall 
straight form is necessary for most efficient utilization of the vitamins and provitamins 
A. Even the poly-cis compound, pro-y-carotene, which is as active ay all-crans-y- 
carotene, fits into this generalization, for in this isomer the alternating positive and 
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TABLE IV. Effect of Steric Configuration on Vitamin A Activity. 





Percentage of vitamin A 





Compound Configuration nclivity per mole 

vitamin A all-trans 100 
neovitamin A 13,14-cig 75 (1) 
9,10-ets-vitamin A 9,10-cis 23 (1) 
9,10-13,14-di-czs-vitamin A 9,10-13,14-di-cis 23 (1) 
7,8-cis-vitamin A 7,8-cis 23 (1) 
11,12-cts-vitamin A 11,12-cis <3 (55) 
retinene all-trans 91 (1) 
neoretinene 13,14-cis 91 (1) 
9,10-cis-retinene 9,10-cis 19 (1) 
9,10-13,14-di-cis-retinene 9,10-13,14-di-cis 17 (1) 
neoretinene b 7,8-cis 47 (1) 
a-carotene all-trans 53 (72) 
neo-a-carotene U 9,10 (or 9’,107)-cis 13 (72) 
neo-a-carotene B 9,10-15,15’ (or 13’,14’)-di-cis 16 (72) 
B-carotene all-trans 100 
neo-g-carotene U 9,10-mono-cis 38 (72) 
neo-é-carotene B 9,10-15,15’ (or 18/,14’)-di-cis 53 (72) 
15,15’-cis-8-carotene 15,15'-mono-cis 50 (73) 
11,12-11’,12’-di-cis-B-carotene 11,12-11',12'-di-cis 20 (22) 
y-carotene all-trans 42 (72) 
neo-y-carotene P 9, 10-mono-cis 19 (72) 
pro-y-carotene poly-cis 44 (72) 
eryptoxanthin all-trans 57 (72) 
neocryptoxanthin U 9,10-mono-cis 27 (72) 
neocryptoxanthin A 15,15’-mono-cis 42 (72) 





negative bends of the five type II cis configurations actually serve to cancel each other 
out to produce an overall straight rod-shaped molecule (72). 

In the visual process, the stereochemical requirements are entirely different. 
Here the all-trans isomer is completely inactive and only the sterically hindered cis 
isomer, 7,8-cis-vitamin A, appears to be the functioning form (see “Biological action 
and uses’’). 

It has not yet been determined whether the cis isomers of vitamin A and of the 
provitamins A function as such in the growth-promoting process, or are first stereoiso- 
merized to the all-trans forms, It is known that the body can interconvert stereoiso- 
mers of vitamin A as shown by the appearance of both vitamin A and neovitamin A 
in the livers of rats maintained on either of the two isomers (57). It has also been 
demonstrated that the body derives the 7,8-c7/s-vitamin A used in vision from the all- 
trans isomer (67). 


Standards 


In 1949 the Committee on Biological Standardization of the World Health Or- 
ganization redefined the International Unit (1.U.) of vitamin A as the biological activ- 
ity of 0.344 y of vitamin A acetate (70). This is equivalent to 0.300 y of the free 
alcohol, Thus 1 gram of vitamin A contains 3.33 x 10°10. 
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The international reference standard consists of a cottonseed oil solution con- 
taining 0.344 ¥ of vitamin A acetate per 0.1 mg. of solution stabilized with a minimum 
of 0.1% of tocopherol, The U.S.P. reference standard (65) adopted in 19-48 is equiva- 
lent to the international standard. The U.S8.P. and International units are also equiv- 
alent. 

The International Unit of provitamin A activity is defined as the biological 
activity of 0.600 + of pure all-trans-8-carotene (56). Thus 1 gram of @-carobene con- 
tains 1.67 10° 1.0. of provitamin A. Biologically one unit of vitamin A is equivalent 
to one tnit of provitamin A. The international provitamin A reference standard 
consists of a cottonseed oil solution of pure @-carotene containing 0.600 y per 5.00 
mg. of solution stabilized with hydroquinone (56). Up until the adoption of the 
present vitamin A acctate standard, the U.S.P. used the international p-carotene 
standard to calibrate cod-liver oils as vitamin A reference standards, 

Avery thorough review of this subject has been written by Morton (49). 


Assay 


VITAMIN A 


The assay of vitamin A can be accomplished by any one of three accepted methods: 
biological, colorimetrie or spectrophotometric. 

Biological Methods. The original assay procedure, still widely used, is based on 
the biological response of vitamin A-deficient rats (64). The method lacks specificity 
in that it measures not only the vitamin A present but the provitamins as well. Rats 
are fed on a vitamin A-free diet until they show 4 cessation of growth. One group is 
then separated and its diet supplemented by a predetermined dose of standard vitamin 
A. For amore accurate assay two or three groups on different levels of the standard 
may be used. The others are divided further into two or more groups and fed dif- 
ferent levels of the sample being tested. The rate of growth (that is, increase in body 
weight) is the criterion of response officially used. At the end of 4 weeks, the assay is 
terminated, and the increase in weight of the animals fed the unknown sample is com- 
pared with that of the standard group. From these data the vitamin A content of the 
sample can be caleulated. If provitamins are present in the sample, these must be 
determined separately by other methods and the value obtained subtracted from the 
bioassay value. 

The greatest source of error in this assay is the individual differences in the 
response of the test animals. Most reliable bioassays are for these reasons best 
carried out in laboratories routinely performing them. 

Guggenheim and Koch (26) have proposed a liver storage test for vitamin A which 
offers a partial solution of the bioassay problem. The basis of the procedure is the well- 
recognized fact that the amount of vitamin A stored in the liver varies directly with 
the quantity fed, Weanling rats are placed on a standard vitamin A-free diet 
for a period of 6 days. The animals are then separated into groups and on two suc- 
cessive days dosed with the vitamin A standard or test sample. Forty-eight hours 
after the last dose, the livers are removed and analyzed by the Carr-Price procedure, 

Compared to the rat-growth assay, the method saves labor, time, and cost. 
Furthermore, there is excellent agreement between the values obtained by the two 
procedures (20), The chief limitation of the liver storage test lies in the shortcomings 
of the Carr-Price assay. 
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Colorimetric Method (Carr-Price) (2). The colorimetric assay for vitamin A 
is based on the Cart-Price reaction. The intensity of the blue color, Aimax, 620 my 
(“blue value”), formed when vitamin A and antimony trichloride are mixed in chloro- 
form solution is measured and compared to that given by a staudard solution of vitamin 
A. This assay is subject to a number of serious sources of error, chief among which is 
the speed with which the color develops and fades, making time a vital parameter in 
the procedure. In addition small amounts of moisture or unsaturated substances 
hamper the formation of the blue color or produce mterfering colors. Nevertheless, 
with experience and aclequate provision for these factors, accurate and reproducible 
assays of vitamin A can be made by this method. One of its advantages that gives 
it wider applicability over the bioassay aud spectrophotometric assays, is its specific- 
ity for vitamin A. The U.S.P, relies upon it as an identification test for vitamin A 
to be carried out in coujunction with the spectrophotometric assay (64a). 

Spectrophotometric Method (2,640). The characteristic ultraviolet absorption 
spectrum of vitamin A affords the most accurate and reproducible means of estimating 
the vitamin. The extinctiou at 325 mz compared to that of a standard sample gives 
the vitamin A content directly. This method is applicable to solutions of the pure 
(or nearly pure) vitamin. Errors due to other materials absorbing in the region 300- 
350 my can be corrected by a procedure developed by Morton and Stubbs (49). This 
comprises measuring the absorption at 310 and 334 my as well as at 325 my, and 
thereby estimating the amount by which the shape of the absorption curve obtained 
differs from that of pure vitamin A. When the correction is too large, however, 
separation of the vitamin A from the extraneous absorbing material is necessary prior 
to assay. 


PROVITAMIN A CAROTISNOIDS 


These carotenoids can be assayed biologically, by the solvent partition method, 
or by chromatography (2). The Carr-Price assay is not applicable to the provitamin 
A carotenoids, since they all give different colors with this reagent. The laborious 
nature of the bioassay and the nonspecificity of the solvent partition method have 
made chromatography the method of choice. With a 1:3 mixture of magnesia and di- 
atomaceous earth (Celite or Super-Cel) as adsorbent and a 2-5% solution of acetone 
in petroleum ether as eluent, the separation of the carotenes from other carotenoids 
and extraneous materials can be rapidly and accurately accomplished. The eluted 
carotenes are then determined spectrophotometrically. 


VITAMIN A AND CAROTENI 


The determination of vitamin A and carotene in the presence of each other is 
frequently necessary in such products as butter, milk, and eggs, and, clinically, in 
blood serum. A Carr-Price determination is first made for the vitamin A on an ether 
extract of the material. The carotene is then chromatographically separated from 
another aliquot of the ether extract and determined spectrophotometrically. 


Biological Action and Uses (45,46 ,67,69) 


Vitamin A deficiency in humans is not associated with any clear-cut clinical 
syndrome as in the case of many other vitamins like thiamine (g.v.) (beriberi), nicotinic 
acid (q.v.) (pellagra), ascorbic acid (g.v.) (scurvy), or vitamin D (rickets). In experi- 
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mental animals, the lack of vitamim A causes a distinct cessation of growth (aon- 
skeletal), the appearance of xerophthalmia, and cornification of many epithelia such 
as those of the respiratory, digestive, urinary, and vaginal tracts. Accompanying 
manifestations may be susceptibility to infections, nephrolithiasis, and degenerative 
changes in spinal and cranial nerves. 

In man, extreme cases of vitamin A deficiency are very rare, for the adult human 
appears to have an enormous capacity to store and utilize vitamin A previously ac- 
quired. Symptoms that have been clinically associated with vitamin A deficieucy are 
xerophthalmia, follicular hyperkeratosis, cutaneous xcrosis, and night blindness. 
Decreased resistance to infection is also encountered. 

The preponderant part of the vitamin A ingested by animals is stored in the liver, 
essentially in the esterified form, and the body draws upon this reservoir for its needs. 
In the blood stream it is found largely in unesterified form. Absorbed carotenc is 
converted into vitamin A; according to prevailing theory, this oceurs in the walls of 
the small intestines. ‘The extent of conversion varies greatly with species. The rat 
is the best convertor aud the cow a relatively poor one. Considerable quautities of 
carotene are consequently found in the liver, fat depots, and milk of cows. 

The mechanisms involved in the in vive conversion of the provitamins A to vitamin 
A are not yet understood. This subject: has been discussed in detail by Goodwin (25) 
and Zechmeister (72), 








Group Aga, yr. LU, 

Men 25-65 §, 000 
Women 25-65 5,000 
Pregnant (8rd trimester) 6,000 

Lactating (850 ml. daily) 8,000 

Infants 0-1 1,500 
Children (either sex) 1-8 2,000 
4-6 2,500 

7-9 3,500 

10-12 4,500 


13-20 5,000 





* For people in normal health living in a temperate ‘climate. 
Source: Food and Nutrition Board of the National Research Council (U.S.) 1958. 





The only physiological function in which the role of vitamin A is relatively well 
understood is that of vision. This has been clarified largely through the efforts of 
G. Wald. The retinas of most vertebrates contain two types of light receptors: 
rods for vision in dim light, and cones for vision in bright light. The former contain 
the light-sensitive pigment rhodopsin and the latter zodopsin. Chemically, rhodopsin 
is the conjugate of retinene (vitamin A aldehyde) with the protein opsin. Todopsin is a 
similar compound which differs only in the protein moiety. On exposure to light rho- 
dopsin breaks down (bleaches) into all-érans-retinene and opsin. Jor the resynthesis 
of rhodopsin in the retina, only 7,8-c7/s-retinene can be used. The source of this isomer 
of retinene is vitamin A, It is assumed that in the retina vitamin A, all-drans-retincne, 
and the corresponding 7,8~-cis isomers are in equilibrium with each other, the sterco- 
isomerization being brought about through action of light and enzymes, and the oxida- 
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tion-reduction by @ specific dehydrogenase. In fresh-water fish, an analogous process 
presumably takes place with vitamin A: and the corresponding aldehyde, retinenes. 
The conjugate of opsin and retinenesis called porphyrapsin. 

Toxic effects in man from an overdosage of vitamin A are extremely rare. Polar 
bear liver, which has the highest concentration of vitamin A to be found in any animal 
organ, is known to be toxic. Animals continuously receiving large doses of concen- 
trated liver oils have been reported to show loss of hair, multiple fractures, paralysis, 
and fatty degeneration of the liver. 

The recommended daily intake of Vitamin A for humans is shown in Table V. 

The use of vitamin A is now well established in the pharmaceutical, food forti- 
fication, and animal food industries. Before the advent of the synthetic product, it 
had only limited use in food fortification because of the objectionable odor and taste of 
fish-liver oil concentrates. This was somewhat alleviated by molecular distillation, 
which removed the fishy odor and taste but on the other hand increased the cost of the 
product. ‘Today, with the tasteless and odorless synthetic product, there is an cver- 
increasing trend toward incorporating vitamin A in various processed foods and food 
concentrates. In the animal feed industries, liver oils still continue in wide use be- 
cause of the acceptability there of low-potency and hence low-cost oils. Also, taste 
and odor are not vital factors in animal foods. In the pharmaceutical industry the 
synthetic product is used almost exclusively. 

Relationship of Structure to Vitamin A Activity. Vinylogous derivatives of 
vitamin A have been obtained by the oxidation of 8-carotene. Under controlled 
conditions the opening of one of its rings can be effected at the 5’,6’-position to yield 
semi-@-carotenone (XXIII; R being =CHCOC(CHs).(CH:)sCOCH,) (40). This is 
biologically active. Further oxidative degradation of the side chain yields 6-apo-2- 
carotenal (6-8’-apocarotenal) (XXIII; R being =O) (40) and f-apo-4-carotenal 
(6-12’-apocarotenal) (40), the corresponding aldehyde with one less isoprene unit. 
Both of these aldehydes are very potent biologically, as are their corresponding alco- 
hols. The next member of this series, one isoprene unit down, would be vitamin A 
aldehyde (retinene, 8-15-apocarotenal). It is as potent as vitamin A in the rat 
growth assay (1). Its oxidation product, vitamin A acid, has only about half the 
potency of vitamin A (13). 

The two possible acetylenic analogs of vitamin A are known, the 7,8 (3) and the 
11,12 (55). These show, respectively, 40% and 15% the potency of vitamin A. 
Introduction of a 7,8-acetylene group in vitamin A acid causes a fivefold drop in activ- 
ity (3). 

A shift of the ring double bond (a-vitamin A and its methyl ether) (51,59) causes 
a hundredfold drop in activity, while a shift of all five double bonds one carbon back 
toward the ring (retrovitamin A and its methy] ether) (514,52) causes complete loss 
of activity. Epoxidation of one of the double bonds (position unknown) removes most 
of the activity (39). 

Omission or change of position of a side-chain methyl group in vitamin A results 
in complete loss of activity (8), as does replacement of the cyclohexenyl ring with a 
pheny! group (68). 

On replacing the hydroxyl with a dimethylamino (48) or hydroxymethyl (48) 
group (homovitamin A), considerable activity is still retained. Authentic vitamin A 
hydrocarbon has not yet been biologically assayed (54). 

The esters of vitamin A show the same activity as the alcohol on a molar basis. 
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This also holds true for the methyl ether, but the butyl and phenyl cthers are less active 
(35). 

Except for retinene, no variant of vitamin A showing equivalent activity has yet, 
been obtained, 
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WILLIAM OROSHNIK 


VITAMIN By 


Vitamin By. (cyanocobalamin, U.S.P. XV, N.N.R., animal protein. factor, LLD 
factor, antipernicious anemia factor, extrinsic factor) is a red crystalline cyano cobalt 
complex with amolecular weight of about 1850, Only part of its structure is known. 

It is required for normal blood formation, for certain other fundamental metabolic 
processes, for neural function, and for human and animal growth and maintenance. 
Human requirements are extremely small—less than a thousandth as great as those for 
most of the other B vitamins. 

With the discovery in 1926 that pernicious anemia could be controlled by the ad- 
ministration of whole liver (42), efforts were begun to obtain the active principle in 
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pure form. These efforts involved many groups of investigators and during the next 
twenty years some advances were made, but progress was very slow. This was partly 
because of the extremely small amounts of active material present in liver, the only 
source known at the time; but more particularly because the only guide to fractiona- 
tion was testing in pernicious anemia patients in relapse, who were very scarce. An 
extensive review of the purification work before 1945 has been published (56). The 
discovery of a microbiological assay with Lactobacillus lactis (53) for the antipernicious 
anemia factor gave a criterion for determination of the potency of concentrates and 
allowed more rapid evaluation of advances made toward isolation. In 1948 Folkers 
and co-workers announced the isolation of pure crystallme vitamin By from liver 
(47), and also the discovery that it could be produced by fermentations (48,65), thus 
affording a practical large-seale source of the vitamin both as active concentrates and 
as the pure compound. 

Shortly thereafter the isolation of crystalline material was also reported by other 
groups (20,45,55). Only four months after its isolation was announced, crystalline 
vitamin By, was made available for therapeutic purposes, and within a year was on the 
market. 

It was further demonstrated that vitamin By is present in a wide variety of ani- 
mal tissues, and it soon became evident that many other research efforts directed to- 
ward isolation of new animal growth factors, ete., were actually concerned with vita- 
min By. However, assumption of too great, a specificity of the L. lactis assay led to 
erroneous conclusions, and it is now known that some of the reported vitamin By 
activity of natural materials is due to other substatices. 


STRUCTURE 
The empirical composition of vitamm By is best represented at present by 
Cor-octlgs—ogX CoN wO1;- uP. Analytical data support several specific formulas, but since 
the molecule is so large exact. knowledge of tts structure will be necessary to distinguish 
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the correct one. The portion of the molecule whose structure is known is shown in 
formula, (I). 


The point of attachment of the phosphate group to the ribofuranose ring is not 
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known with certainty, and the possibility that it may be present as a cyclic 2',3’- 
phosphate cannot be definitely excluded. 5,6-Dimethylbenzimidazole, 1-a-p-ribo- 
furanosyl-5,6-dimethylbenzimidazole (a-ribazole) and its 2’ or 3/-phosphate ester 
(a-ribazole phosphate) were isolated early in the structure work (11,12). The a-con- 
figuration is unusual simce most natural products of this type occur in the 8-configura- 
tion. Comparison of some of the properties of o-ribazole phosphate with the adenosine 
2’. and 3’-phosphates (adenylic acid; see Nucleic acids, Vol. 9, p. 509) of known struc- 
ture indicates that «-ribazole 3’-phosphate is the correct structure. 

In addition to the moieties shown, it is known that vitamin By contains at least 
one molecule of p-l-amino-2-propanol (17,61) and at least three and probably more 
carboxamide groups (8). Analogy with other natural products suggests that the amino- 
propanol may be a link between the phosphate group and the major portion of the 
molecule, but definite evidence for or against this structure has not been reported. 

The cyano group is bound coordinately to the cobalt, and compounds in which 
this group has been replaced by other ions are known. Spectral studies have shown 
quite conclusively that the N(3) of the benzimidazole is also coordinated to the co- 
balt (5). 

The portion of vitamin B,, exclusive of the cyano group has been named cobalamin, 
and the names of the derivatives are formed by means of prefixes, as with other metal 
coordination complexes; for example, cyanocobalamin, hydroxocobalamin. 

Because of its physiological action in blood formation and its metal complex 
nature, a polypyrrole or porphyrin structure (see Vol. 11, p. 351) was suspected for the 
basic portion of the vitamin Bi, molecule, but chemical behavior failed to establish 
this. However, pyrrole-containing products have been obtained by alkali fusion, and 
x-ray studies have indicated the presence of four five-membered rings probably con- 
nected in @ cyclic structure (10). The isolation of two succinimides (3,3-dimethyl- 
2,5-dioxopyrrolidine-4-propionic acid and the lactone of the corresponding 4-hydroxy 
acid) as products of oxidative degradation (41) has established the heterocyclic 
nature of at least part of these rings. Thus it appears likely that, while the structure 
is not a true polypyrrole or porphyrin, it may be of a similar nature. 

Several small degradation products are known, and it has been suggested that a 
terpene structure is involved (51). 

Extensive reviews of the chemistry and structure of vitamin By have been pub- 
lished (22,52). 


PHYSICAL AND CHEMICAL PROPERTINS (22) 


Vitamin By forms red crystals which do not melt below 300°C., but darken to 
black at about 210-220°; refractive indexes: a, 1.616; 8, 1.652; and y, 1.664. The 
crystals normally contain about 12% moisture and are soluble in water to the extent of 
1.25% at 25°C. Vitamin By is soluble in alcohols and phenols, but insoluble in ace- 
tone, chloroform, and ether. 

Aqueous solutions show absorption maxima at 278 (Ht%, 115), 361 (EIS 204), 
and 550 (#}%,. 63) mu, which are practically independent of pH. The optical activity 
in aqueous solution is [a ]éjs3 = —59° + 9° and [a]ftss = —110° = 10°. 

Aqueous solutions are neutral, but in anhydrous acetic acid vitamin By is shown 
by electrometric titration to be a polyfunctional base, and a hexaperchlorate may be 
crystallized from anhydrous verchloric acid (1). If the presence of one ionizing 
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group in aqueous solutions is assumed, the molar conductivity is 58. Its electro- 
phoretic mobility in 0.5 N acetic acid containing 0.01% potassium cyanide is zero. » 

Polarographie studies show a single reductive wave and. indicate that the normal 
valence state of the cohalt is +8 and may be reduced to +2. The crystals are dia- 
magnetic. 

Reactions. The cyano group of cyanoeobalamin may be replaced with other 
ions (54). The first such compound to be prepared was hydroxocobalamin, (38), which 
was made by hydrogenating cyanocobalamin in the presence of a platinum catalyst 
and then reoxidizing with air. During this process, the cobalt is redueed from a va- 
lence state of +3 to +2, freeing the cyanide ion, and subsequently reoxidized taking 
up a hydroxyl ion to give hydroxocobalamin, or a water molecule to give the aquoco- 
balamin ion, depending on pH and concentration. Jluminated solutions of cyanoco- 
balamin release hydrogen cyanide to a small extent (59), and if this is removed by 
aeration, the remaining product is hydroxocobalamin. Reaction of hydroxo- or aquo- 
cobalamins with acids yields cobalamins containing anions of the acid used. All of 
these cobalamins are converted to cyanocobalamin by cyanide ious (40). 

In cyanide solutions above pH 10 eyanocobalamin is converted into a dicyano 
complex and then more slowly into a tricyano complex (16). 

The other reported chemical reactions of cyanocobalamin involve degradation of 
the molecule. Dilute acid treatment yields some products which ure the result of 
hydrolysis of only amide proups. Seven of these acids resulting from partial aud com- 
plete hydrolysis of three amide groups have been isolated and reconverted to cyanoco- 
balamin by preparing mixed anhydrides and treating with ammonia (3). 

More vigorous acid hydrolysis frees the nucleotide, a-ribazole phosphate, which 
may be further degraded to ribazole or 5,6-dimethylhenzimidazole depending on con- 
ditions, and usually simultancous degradation of the remainder of the cyanocobalamin 
molecule occurs. Brief treatment with concentrated acid removes atribazole phos- 
phate with little effect on the remainder of the molecule (28). The product: is a red 
amorphous substance which also has been isolated from calf feces and called Factor B 
(24). Ti, too, is a cyano complex, but it is not known what groups replace those re- 
moved, The compound obtained by removing the aminopropanol from Factor B has 
also been reported (26). _ 

Vitamin By is unstable toward both oxidizing and reducing agents, but most of 
the reaction products have not been identified, Oxalic, succinic, methylsuccinic, and 
dimethylmalonic acids have been isolated from oxidative degradation experiments 
(51). 

Optimum stability in aqueous solutions is at pH 4.5-5.0. No significant loss of 
activity occurs at room temperature for periods of 2 years or longer. However, at 
elevated temperatures or a higher or lower pH decomposition is more rapid. 


OCCURRENCE 

Vitamin Biz occurs in practically all animal products, probably in the form of a 
protein complex, in larger amounts in those that are rich in protein. Liver, kidney, 
and some seafoods are the richest sources. Fermented materials such as rumen con- 
tents and feces are particularly rich sources, and it is known to be produced by many 
actinomycetes and other bacteria, but in general not by molds (30), It is possible 
that it is entirely a product of fermentation and that that found in animal tissues is 
either ingested or produced by intestinal fermentation, 
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In general, plant material contains little or no vitamin By. An exception is al- 
gae, and it has been suggested that these plants may be the source of the relatively 
large amounts of the vitamin found in some shellfish and fish. 

Literature reports of the vitamin By contents of natural materials should in many 
cases be qualified because of the presence of other substances which could give a re- 
sponse in the particular assay used (see p, 822). ‘This is particularly important in the 
case of fermentation broths, and in some cases it has been demonstrated that the 
major portion of the activity measured microbiologically is due to something other 
than vitamin By (14). 

Table I lists the contents of vitamin By-active substances of a variety of natural 
materials (62). 

Production of vitamin By and other vitamin By-active substances has been shown 
for microorganisms belonging to the Schizomycetes, Torula and HFremotheciwmn, 
including bacteria of the genera Streptomyces, Alealigenes, Bacillus, Pseudomonas, 
Mycobacterium, and Escherichia (80,79). 


TABLE I. Content of Vitamin B,-Active Substances of Some Natural Materials. 











Vitamin Biz , Vitamin Bis 
activity activity 
Material a/ke. (dry) Material +/ke. (dry) 
Milk 3-5 (liter fresh) Clams 2500 
Whole milk powder 10--26 Tish meal 170-1500 
Cheese 28 Salmon kidney 18,000 
Deg yolk 28 Beef 
Green leafy vegetables 0 or traces Round 55-79 
(celery, pepper, kale, Liver 500 
tomato, enbbage, Kidney : 500 
kohlrabi, broccoli, Heart 250 
leek) Mutton 88 
Algae 60-280 Horsemeat 70-75 
Filet of sole 13 Chicken meat §2 


Oysters 150-2800 





Protein complexes in which vitamin By is believed to occur in the natural state 
have been isolated but Little is known about them (60). 
An exteusive review of the sources of vitamin By. has been published (18). 


CHEMICAL SYNTHESIS 

Chemical synthesis has necessarily been limited to the known a-ribazole phos- 
phate portion of the cobalamin molecule. ‘The reactions outlined in Scheme 1 illus- 
trate syntheses which have been carried out. 

Preparation of benzimidazoles is conveniently carried out by starting with the 
appropriately substituted o-nitroaniline (II), reducing to the corresponding diamine, 
and heating the latter with formic acid or its derivatives. Heating the diamine with 
acetic acid in hydrochloric acid yields the corresponding 2-methyl compound. A 
large number of methyl-substituted benzimidazoles were synthesized by these pro- 
cedures (6) for spectroscopic study during the structure work on vitamin By, 

For preparation of q-ribazole, 2-nitro-4,5-dimethylaniline (II) and 5-O-trityl-p- 
ribofuranose (ITI) are condensed by boiling with benzene and acetic acid to give 2- 
nitro-4,5-dimethy|-N-(5-0-trityl-p-ribofuranosyl)aniline (IV). Hydrogenation in the 
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presence of a palladium catalyst is assumed to give the amino riboside (V), and, with- 
out isolation, the imidazole ring is closed by heating with an alkyl formimino ether 
hydrochloride yielding 1-(5-O-trityl-e-p-ribofuranosy])-5,6-dimethylbenzimidazole 
(VI) (84). Other ring-closing agents which have been used for similar compounds are 
N-(dichloromethyl)formamidine hydrochloride, ethyl formate, and carbon disulfide 
with barium hydroxide followed by hydrogenation with Raney nickel to remove the 
2-mercapto group formed (33). 

Acid hydrolysis removes the trityl group from (VI) to give 1-e-n-ribofuranosyl- 
5,6-dimethylbenzimidazole (e-ribazole) (VIIT). The yield is about 6% from the nitro 
riboside (TV). 

Acetylation of the nitro riboside (IV) to the 2,3-diacetyl derivative followed by 
the reactions shown leacls to the §-isomer of ribazole. 

The best reported procedure (37) for the synthesis of a-ribazole phosphate in- 
volves the reaction of 5’-O-trityl-e-ribazole (VI) with diphenyl chlorophosphate. Acid 
hydrolysis removes the trity] and phenyl groups and a-ribazole phosphate (VIT) is 
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isolated through its lead salt. The product is identical with the degradation product, 
from vitamin By, but it is not known whether it is the 2’- or 3/-phosphate. 

By variations of the reactions outlined above and by reaction of polyacetylglyco- 
syl halides with benzimidazoles or their chloromercuri derivatives, other 1-glycosyl- 
5,6-dimethylbenzimidazoles have been synthesized including ribopyranosyl, glueo- 
pyranosyl, arabinopyranosyl, arabinofuranosyl, and lyxopyranosyl derivatives (83,35). 

Numerous other benzimidazole glycosides have been synthesized, and several of 
them, particularly those coutaining halogenated benzimidazoles, have a significant 
inhibitory effect on influenza virus multiplication (57). 


BIOSYNTILESIS 

On an experimental basis it has been possible to produce vitamin By, several of 
its naturally occurring non-cobalamin analogs, and a number of new analogs hio- 
synthetically (28). This is accomplished by the use of mutant strains of microorgan- 
isms which require vitamin By or related compounds but which have lost their ability 
to synthesize these substances, probably owing to inability to synthesize the Factor B 
portion of the molecule. By growing such a mutant of Mscherichia colt in a medium 
containing Factor B and the appropriate nucleotide (corresponding to ribazole phos- 
phate) or nucleotide base (corresponding to the dimethylbenzimidazole), the new com- 
pounds have been produced, Without supplementation with a nucleotide component, 
Factor B is converted into Facter C (24), a compound of unknown structure. For 
example, supplementation with 5,6-dimethylbenzimidazole, a-ribazole phosphate, or 
riboflavin gave vitamin Bie; adenine gave pseudovitamin By; and 2-methyladenine 
gave Factor A (pseudovitamin Bia). New analogs were produced by supplementa- 
tion with a number of 4- and 5-substituted benzimidazoles, several purines related to 
adenine, a benzotriazole und a henzothiazole. The compounds were not isolated in 
crystalline form, but Factor B labeled with Co™ was used, and the production of new 
substances determined both by the reduction of the amount of Factor C formed and 
the presence of new spots after paper-strip chromatography. Microbiological activity 
was measured by assay with #. cold and Ochromonas (see p. 823). 

The analog of vitamin By containing benzimidazole in place of 5,6-dimethyl- 
benzimidazole has been obtained hy a slightly different procedure (19,21). A mutant 
of Sirepiomyces griseus (which normally produces vitamin By), when grown in the pres- 
ence of large amounts of o-phenylenediamine, produces this new analog at the ex- 
pense of vitamin By production. The new substance has been obtained in crystalline 
form. Addition of relatively small amounts of 4,5-dimethyl-o-phenylenediamine to 
the fermentation prevented formation of the new substance and only vitamin By was 
produced. 

At present, methods involving supplementation with Factor B are of no value for 
the production of cobalamins since vitamin By is much more readily available than 
Tactor B. However, by such biosyntheses new vitamin By analogs obtainable in no 
other way have been prepared for biological evaluation. 


COMMERCIAL PRODUCTION 


Vitamin By is now produced almost exclusively by fermentation, and its produc- 
tion has become one of the important fermentation industries in the United States. 
It is generally produced by primary fermentation, but in some instances is obtained 
from broths used primarily for production of antibiotics. This is largely a matter of 
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economies, since maximum production of the antibiotic and maximum production of 
cobalamin generally do not occur under the same fermentation conditions, 

Another source is sewage, which is known to contain cobalamin-like compounds in 
addition to vitamin By. With one exception (26), the chemical ancl biological prop- 
erties of these cobalamin-like compounds are not known. A process for extracting 
the vitamin By, from sewage has been patented (75), and concentrates containing as 
much as 40 mg./Ib. have been obtained, 

Fermentation. Microorganisms that have been reported to be used for commer- 
cial production (32) are Streptomyces griscus, S. olivaceus, and S. aureofaciens (in 
connection with chlortetracycline production; see Vol. 18, p. 777) and the bacteria 
Bacillus megatherium, Propionobacterium Jreudenreichii, and a mixed fermentation of a 
Proteus sp. and a Pseudomonas sp. Discussions of the formation of vitamin By- 
active compounds by a number of other organisms have been published, 

Fermentations to produce vitamin By are generally carried out by submerged 
culture in an aerated and stirred medium. The fermentation time is usually 3-5 days. 

The following description is based on a process for the production of vitamin Bis 
by 8. oldvaceus (4-4) whieh was developed by the Fermentation Division of the North- 
ern Regioual Research Laboratories. Pure cultures must be used because contamina- 
tion invariably results in very low yields. All equipment must be sterile and transfers 
carried out aseptically. 

Media for the growth of these organisins consist of carbohydrate, protetuaceous 
material, and a source of cohalt and other salts. A typical medium is: 


Distillers’ solubles..... 00020. 4.0% 
Dextrose... 0-2. ee cece OGH-1T% 
CaOg. ccc tee ee  OBH 

CoCh FBO... eee 1,5-10 p.p.m. 


pI adjusted to about 7 with NaOH 


Most forms of distillers’ solubles, soybean meal, yeast, casein, etc., arc satis- 
factory under the proper vonditions. Cobalt supplementation is essential for maxi- 
mum yields of cobalamin, although not neceesarily for growth of the organism. This 
has been shown to be true for organisms tested (31) and is the subject of a patent (68). 

In some instances cyanide is added to the medinm to aid in converting other co- 
balamins to vitamin By (77). 

The medium may be made up and sterilized batchwise directly in the fermentor 
(for example, 1 hr. at 250°F.) or sterilized continuously as the fermentor is charged 
(for example, 13 min. at 330°F.) by mixing directly with live steam. During steriliza- 
tion steam is blown into openings, and all transfer lines are kept filled with live steam 
when not in use to ensure sterility. 

Pure cultures of the organisms to be used are maintained ou agar slants and are 
grown first in 100-250 ml. of medium in shake flasks and then in two or three succes- 
sively larger batches to give the required amotat of inoculum culture. Tuoculation 
of the fermentors with about 5% of the volume of medium is satisfactory, 

Durng fermentation the temperature is maintained at about 80°F. Within 
limits, the rate of growth of the culture, but not the final yield of cobalamin, depends 
on the rate of agitation and aeration. Too rapid aeration causes excessive foaming, 
and the optimum. rate is about 0.5 volume air/min./volume of medium. The air is 
sterilized by passing through columns of activated charcoal. Foaming is a serious 
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problem, particularly at the beginning and end of the fermentation. It is controlled 
by addition of sterile defoaming agents such as soybean oil, corn oil, lard oil, or silicones 
as required. In some cases a defoamer is added when the medium is prepared. 

During the first 24 hr. of the fermentation the pH falls a few tenths of a unit, the 
sugar concentration decreases rapidly, and the mixture becomes very thick as a result 
of mycelium growth and probably also of the formation of viscous materials such as 
polysaccharides. The concentration of cobalamin in the beer rises very slowly for 
about 20 hr. and then much more rapidly. After 2-4 days when the available nutrients 
are consumed, lysis of the mycclium begins, the pH rises to about 8, and the mash 
becomes quite thin. Little or no additional cobalamin is formed after lysis begins. 
The mash is then stabilized by reducing the pH to about 5 with sulfurie acid and add- 
ing small quantities of a reducing agent such as sodium sulfite. 

Yields of cobalamin are usually in the range of |~2 mg./l. in the final broth. The 
highest yield reported in the literature is 8 mg./1. (43). 

During the major part of the fermentation period, most of the cobalamin is present 
in the mycelium, but at the end a considerable portion is in solution, Heating the 
mixture to boiling at.pH 5 or below frees the cobalamin quantitatively from the my- 
celium, 

Essentials of the production of cobalamins by other bacterial fermentations are 
similar to those for Streptomyces although there are differences in media, conditions, 
time, etc., for optimum yields (29). 

Work-up of the final broth containing cobalamins is determined hy the type of 
product to be produced. 

Production of Vitamin B, Feed Supplements. Tu order to prepare low-potency 
concentrates of vitamin By for use as feed supplements, usually all that is necessary is 
to evaporate the final fermentation broth to dryness. These final broths contain 
about 3% solids and are first evaporated 2n vacuo to a solids content of 15~20%, and the 
resulting sirups are drum-dried or spray-dried. Differences in conditions during this 
processing do not seriously affect the poteney of the product, but evaporating the broth 
at temperatures not above 180°F., drum-drying such that the exit gases are not above 
200°F., and cooling the product as rapidly as possible result in about 10% greater 
activity (44). The concentrates obtained in this way by cobalt-supplemented fer- 
mentation are reported to contain 10-30 mg./lb. of cobalamin (32). 

Tn addition to cobalamins these products may also contain other vitamins, min- 
erals, and antibiotics, depending on the source and method of production (32,71). 
For use as a feed supplement the composition of the major portion of the solids is 
important for determining its nutritive value. The product prepared by evaporating 
. whole broth from Bactllus megathertum has much the same composition as yeast 
(q.v.) with respect to amino acids and B vitamins (29). 

Production of Crystalline Vitamin By, from Fermentation Broths. Processes used 
commercially for the production, of vitamin By have not been described in detail, and 
most of the published information ig found in the patent, literature. 

One of the first steps is to treat the filtered broth with cyanide, which converts all 
the cobalamins into cyanocobalamin (64), although this step may also be carried out 
after some concentration has been achieved. The cyanocobalamin is next adsorbed 
from solution, Several substances have been reported for this purpose: charcoal 
(63), fuller’s earth, bentonite (73), and ion-exchange resins (74). Elution from the 
adsorbent is usually accomplished by the use of an aqueous solution of materials rang- 
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ing from organic bases to hydrochloric acid. Water, water-acetone, and solutions of 
sodium cyanide or sodium thiocyanate have heen used. 

Some type of extraction is usually carried out next, countercurrent distribution 
between cresol (70), amylphenol (67), or benzyl! alcohol (69) and water or single ex- 
traction into an organic solvent such as a phenol (78). Precipitation as a copper or 
zinc eyanide—cyanocobalamin complex has been reported (72). 

Another purification step applicable to aqueous concentrates consists in dissoly- 
ing a zinc salt in the slightly acid solution and then raising the pI to precipitate zine 
hydroxide, which removes many impurities (76). 

Chromatography on alumina and final crystallizations from methanol-acetone, 
ethanol-acetone, or acetone-water usually complete the process (65,66). 

The ouly industrial yield figures available are again those reported in patents (23, 
66). For example, a yield of 65% from broth to a 6% concentrate is reported in one 
case, and an overall yield of about 4% of crystalline material in another, 

There are product patents on crystalline vitamin By (65) and vitamin By con- 
centrates (79). , 

Production and Prices. Vitamin By is marketed in bulk in the form of (2) crys- 
tals, (2) solid triturations of the erystals, (3) “concentrates” contaming approximately 
1-3 mg./g. of vitamin Bis activity for oral human use (commonly called “oral grade 
solids”), (4) a less pure product containing approximately 0,02 mg./g, for animal feeds. 
Vitamin preparations for human use are manufactured from the first three forms. 

The original price of $12,500 per gram for crystalline vitamin Biz has been re- 
duced to $245 (1955). Although it is still the highest-priced organic compound on the 
open market, in bulk form an average clinical dose for treating anemias costs less than 
1 cent. 

The following figures of the U.S. Tariff Commission reflect the increase in pro- 
duction and decrease in price: 














Production, tb. Sales, Ib. Value 
1951 84 48 $11,044,000 
1952 106 61 5,599,000 - 
1953 387 191 14,270,000 


¢ In undiluted or uncompounded form, 


Vitamin By in low concentrations for feed supplementation costs about $40 per 
gram (1955). 


ASSAY 

Physical, chemical, biological, microbiological, and radioactive tracer methods 
have been developed for. the determination of vitamin By. Consideration of the very 
close similarity of the chemical, physical, and biological properties of vitamin By, and 
related compounds which may occur naturally with it makes it obvious that the value 
of any assay depends on the other compounds which may be preset, Only quantita- 
tive isolation of pure cyanocobalamin or something equivalent to it can give a reliable 
result in a mixture of unknown composition. However, in many cases sufficient 
knowledge of the other constituents of the material make simple assays reliable. 
(Liver concentrates used in the treatment of pernicious anemia were formerly stand- 
ardized in units (see Vol. 2, p. 5) but are now standardized in terms of equivalence 
of their vitamin By, activity with a specified amount of eyanocobalamin. ). 
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Physical Metheds. The ultraviolet absorpiion spectrum in aqueous solution may 
be used for estimation (58). The value of the extinction coefficients ut 3861 my is 
used. 

An assay based on countercurrent distribution (C.C.D.) uses benzyl alcohol and 
water (distribution coefficient 1.2) (15). 

Chemical Methods. The cyanide may be removed quantitatively from aqueous 
solutions of vitamin Bis by aeration and photolysis at pH 5 or lower. The hydrogen 
cyanide released is purified by passing through solutions of ceric sulfate, silver sulfate, 
and sulfuric acid and is finally absorbed in sodium hydroxide solution. The amount of 
cyanide is determined colorimetrically with chloramine-T and pyrazolone pyridine 
reagents. This assay may be adapted for the determimation of total cobalamins by 
first treating the sample with excess cyanide, removing the uncombined cyanide by 
aeration in the dark, and then carrying out the above procedure (8). 

6,6-Dimethylbenzimidazole is released quantitatively by acid hydrolysis and is 
then converted chemically into 4,5-dimethyl-o-phenylenediamine. ‘Chis compound 
reacts with acetylacetone to form a purple benzodiazepine, which can be determined 
colorimetrically, or with alloxan to form an alloxazine, which can be determined fluori- 
metrically (7). 

Biological Methods. Assays based on the growth-promoting effect of vitamin Bys 
on both chicks and rats fed a diet, deficient in this vitamin have been developed (27,50). 
Precautions must be taken to ensure that the chicks or rats used aresufficiently depleted. 
Chicks to be used are hatched from eggs laid by hens maintained on a vitamin Bi- 
deficient diet. The mothers of young rats to be used are maintained on vitamin By- 
low diets, and sometimes the weanling rats are placed on a depletion diet for a short 
period before the test starts. Protein sources in the assay diets are of vegetable 
origin, and desiccated thyroid or iodinated casein is sometimes added to the rat diets 
(46). Assay periods are 3-4 weeks, 

Microbiological Methods. Three different procedures are used for measuring 
microbial growth due to vitamin Bi: (1) the tube method, in which growth is measured 
by turbidity or titration of the acid produced; (2) the cup-plate method, in which the 
potency of the sample is calculated from the diameter of growth around the sample 
which is contained in a short section of tubing standing on the agar; (3) the pad 
method, iu which a small pad of paper soaked with the sample solutions is placed on 
the agar and growth zones around it are measured, 

Organisms which have been used extensively (52) are Escherichia colt, Lacto- 
bactllus lactis Domer (LLD), LD. letehmannii (1.1), and Zuglena gracilis. The L. 
leichmannit assay has been adopted as standard by the U.S.P. (58). The Huglena 
gracilis assay appears to be the most specific of the group since it is not sensitive to 
thymidine and other desoxyribosides as are the lactobacilli, nor to methionine as is LZ. 
coli. It has the disadvantage of being relatively slow (4-7 days) compared with the 
others (1-3 days). All these organisms are known to respond to cobalamins or co- 
balamin analogs in addition to cyanocobalamin. 

Stucies of the chrysomonad Ochromonas malhamensis first indicated that it showed 
growth response specifically to cobalamins (52), but it was subsequently shown to 
respond to Factor III and the benzimidazole analog of cobalamin, which are also elini- 
cally active. Response to additional biosynthetic analogs which have not yet been 
tested clinically has also been reported (23). 

Radioactive Tracer Method. This assay is at present the most reliable, in general, 
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unless the absence of all interfering substances is definite (4). It determines only 
vitamin By but is applicable to the determination of total cobalamins by first con- 
verting them to cyanocobulamin by treatment with sodium nitrite and sodium cyanide. 
A known amount of pure radioactive cyanocobalamin is then added to the sample and 
equilibrated with cyanocobalamin present. Addition of zine acetate to an acid solu- 
tion of the sample and then precipitation of zinc hydroxide by raising the pH to 8.5 
removes many impurities. The material is next extracted into a cresol—carbon tetra- 
chloride mixture, effecting considerable purification. After addition of 1-butanol and 
more carbou tetrachloride, the sample is extracted back into water and the aqueous 
solution passed through a column of ion-exchange resin (IR-P-400 and IR-120), 
Only those fractions showing a ved color are retained. The concentration and purity 
of the vitamin By are determined by magnitude and ratios of absorbancies at 548, 
430, and 861 mg. If desired, a benzyl alcohol-water distribution may be carried out as 
au additional criterion of purity or to effect further purification, particularly when 
compounds with absorption spectra similar to By may be present. Irom measure- 
ment of the radioactivity of the solution of purified cyanocobalamin, the amount 
present in the original sample is calculated. Samples containing as little as 100 -+y in 
concentrations as low as 0.1 y/mil. can be assayed. 


BIOCHEMICAL FUNCTION AND USS 


Vitamin By is required for normal blood formation, growth, certain other finda- 
mental metabolic processes, and neural function and its maintenance. <A tissue defi- 
ciency of this vitamin causes pernicious anemia, which in its completely developed stages 
is characterized by macrocytosis, megaloblastic bone marrow, leukopenia, neurological 
and mental changes, cndocrme dysfunction, disturbances in fat metabolism, atrophic 
gastritis, mucous membrane disorders, and occasionally other disturbances. 

A deficiency may result either from a dietary insufficiency of vitamin By or from 
inability to use that ingested because of a lack of intrinsic factor, a protein which as- 
sists absorption of the small amounts of vitamin By normally present in the intestine. 
Parenteral administration of small doses, oral administration of small doses with 
intrinsic factor, or massive oral doses without intrinsic factor produce rapid remis- 
sious of all symptoms of pernicious anemia with few exceptions, 

Part of the action of vitamin By is closely related to folie acid (¢.v.) which in 
sufficient amounts produces hematopoietic responses in pernicious anemia equivalent 
to vitamin By but does not cause remission of the other manifestations, particularly 
the neurological complications, which are benefited only by vitamin By. It has been 
suggested that administration of folic acid in cases of vitamin By deficiency may result 
in rapid depletion of the last small reserve of the vitamin By in the body, thus causing 
severe neurological symptoms. 

Treatment with vitamin By is of value in nutritional macrocytic anemia and 
megaloblastic anemia of mfancy, trigeminal neuralgia and diabetic neuritis, sprue 
ad herpes zoster. It has been reported useful in certain skin and liver diseases, and 
variety of other diseases in which results are not well defined, 

Estimates of the human daily requirement of vitamin By range from less than 
ly to 5y per day. Children because of their higher metabolic rate may requive several 
times this amount. It is one of the least toxic of therapeutic agents, and doses of 100 


mg./kg. (intraperitoneal) in rats and 10 mg. orally in humans have shown no toxic 
affects. , 
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Vitamin By appears to be essential for the growth of all animals and poultry and 
is responsible for most, if not all, of the activity of the “animal protein factor,” a 
factor or factors which permit(s) growth of animals or chicks on rations containing no 
animal protein (see Jceds, animal, Vol. 6, p. 311; Tetracyclines (chloréctracycline), 
Vol. 18, p. 786). Ruminant animals do not have a dietary requirement for the vitamin 
because they are capable of synthesizing it in the rumen. 

There is evidence to indicate that vitamin By is involved in carboliydrate and fat 
metaholism, reduction of sulfides to sulfhydryl (mercapto) compounds, nucleie acid 
metabolism, protein metabolism, transmethylation, and other one- or two-carbon atom 
transfers, but no specific enzyme or coenzyme function is known as is the case with most 
of the other B vitamins. 

Since the daily requirement and organ contents of vitamin By, are thousands of 
times lower than those of most. of the other B vitamins, it seems logical to reason that 
its mechanism of action must he quite different. 

Extensive reviews of the biochemical function and clinical and nutritional uses 
of vitamiu By have been published (36,52,62). 


Radioactive Forms 


Radioactive forms of vitamin By are useful for assays and for study of the be- 
havior of the substance in biological systems. Vitamin By, containing Co® is the most 
exteusively used form and is prepared by fermentations to which the radioactive cobalt 
is added (49). The product has a specific activity of up to 770 microcuries per milli- 
gram. 

Reaction of hydroxocobalamin with HCN produces cyanocobalamin IJabeled 
with Cin the cyano group (9). 

No exchange of Co® or P** in the intact molecule has been accomplished. 


Analogs 


A number of vitamin By, analogs are known belonging to each of two types of 
compounds. ‘These are all red crystalline substances. The various types of names 
used in the literature for many of these analogs are very confusing; for example, the 
designations Factor A, vitamin Bim, and pseudovitamin Bia have all been used for 
the same compound, 

Cobalamins. These derivatives result from replacing the cyano group of cyuno- 
cobalamin with other groups (see p. 816). Some of the cobalamins known are: hy- 
droxo-, thiocyanato-, sulfato-, chloro-, bromo-, cyanato-, and nitrocobalamins (40). 
Hydroxocobalamin has been isolated from fermentation sources (88). Nuitrocobalamin 
{also called ntiritocobalamin) obtained from fermentation broths was later shown to 
have been formed by chemical reaction during the isclation process (2). Other cobal- 
umins have been reported, but the compounds were subsequently found to be identical 
with others already known. 

The various cobalamins are distinguished from each other by differences in dis- 
tribution coefficients, refractive indexes of the crystals, and, to a lesser extent, ultra- 
‘violet absorption spectra. Their spectra are all very similar to that of vitamin Bu, 
and there are only small differences in the wave lengths of the maxima and the magni-~ 
tudes of the extinction coefficients. 

Microbiological activities of these cobalamins depend on the conditions of the 
assay and vary from 30 to 100% of the activity of vitamin Bi, (39). I is presumed 
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that unless the cobalamin is present in a form which cannot be utilized by the organism, 
the activity of any of them is equivalent to that of vitamin Br. 

Analogs Containing Different Nucleotides. Analogs containing nucleotide bases 
other than 5,6-dimethylbenzimidazole are known. Some were isolated from natural 
sources and others prepared by biosynthesis from Factor B and the appropriate benzim- 
idazole or equivalent compound. 


























TABLE IL. 
~ rs Activity _ 
TL, luatin L. leich- 
Designation Nucleotide base Dorner mannit Animal 
Vitamin Biz 5,6-Dimethylbenzimidazole + + + 
Factor B None Little - - 
Pseudovitamin Bie Adenine -- + _ 
Factor A (pseudovitamin 2-Methyladenine +- - 
Bua) 
Factor G Hypoxanthine Little - 
Factor H 2-Methylhypoxanthine Little - 
Factor IIT TWnknown +4 + 
“Desdimethylvitamin Benzimidazole + +- “+ 
Bre’ 





With the exception of Factor B those shown im Table If are all crystalline com- 
pounds. A!l were isolated from animal feces and/or procluced by fermentation (22,24). 
Factor IIT is obtained from sewage (26). Additional red cobalt-coutaining compounds 
have been reported, but the nucleotide bases have not been characterized (25). 

The relationships between these compounds have been established by chemical 
degradation, identification of the nucleotide bases, and resynthesis biosyuthetically 
(28) (see also p.819). Pseudovitamin By and Factor A have been deaminated chemi- 
cally to Factors G and H, respectively (13). Factors G and H may not be produced 
directly by fermentation but may be the result; of enzymic deamination. 

Most other analogs prepared biosynthetically (23) from still othcr bases in place 
of the 5,6-dimethylbenzimidazole of vitamin By have not been crystallized or char- 
acterized as yet (see p. 819). 

Differentiation and separation of these substances from each other and from 
cyanocobalamin are largely dependent on chromatography, electrophoresis, and sol- 
vent distribution. Many of the chemical and physical properties of the compounds 
are very similar, and, as indicated in Table IT, microbiological activities in some cases 
are also similar, 

Factor TIT and the vitamin Biz analog contaming benzimidazole have been re- 
ported to have clinical antipernicious anemia activity (21,26), but there have been no 
reports on the equivalence with the other biological activities of vitamin Bie. 
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VITAMIN D 


“Vitamin D” is the term used to embrace all antirachitie vitamins, Since 
there are a number of antirachitically active compounds, it is more appropriate to 
speak of the group of vitamins D (66). At least two of this group occur naturally 
and are called vitamin Dy, (D-activated plant sterol, activated ergosterol) (I) and 
vitamin D; (D-activated animal sterol, activated 7-dehydrocholestrol) (ID. (for- 
mulas (I) and (IT) are shown with the “point-down” orientation of the five-membered 
ring, and with the CH; and CH, groups written out, whereas the other formulas 
in this article are oriented like those under Sterols, with ouly bonds representing 
CH, and CH, groups.) The terms ergocaleiferol (previously caleiferol) for vitamin D, 
und cholecaleiferol for vitamin 1D; have been adopted (1). These are also the two com- 
pounds that are manufactured on a technical scale by ultraviolet irradiation of the 
corresponding provitamins, ergosterol and 7-dehydrocholesterol. Ergosterol is produced 
from yeast or molds while 7-dehydrocholestcrol is syuthesized from cholesterol, The 
various vitamins D differ from each other by slight modifications in the structure of the 
molecule and by some very important differences in their autirachitic effectiveness in 
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various animals. While vitamin D, can be utilized by man and by all animal species, 
vitamin D» has no usefulness in the nutrition of poultry but can be used for man and 
four-footed animals. 

History. Deficiencies of vitamin D apparently have occurred as long ago as men 
existed. Some of the skeletons of prehistoric men show definite bone deformations, 
typical of rickets, the vitamin D deficiency disease. The cause of rickets, however, 
was not established until this century when it was ascertained that this disease may be 
cured or prevented by administration of vitamin D or by ultraviolet irradiation which 
produces vitamin D in the body, 

Among the early writers, Palm (1890) associated through geographical studies the 
incidence of rickets with a deficiency of sunlight. During the period when the vitamin 
concept was in its formative stages, Hopkins suggested (1906) that rickets may be 
caused by a‘‘dietetic factor,” “well nigh as essential as are the basal constituentsof diet,” 
and Funk (1914) in his famous book “Die Vitamine” wrote: ‘It is very probable that 
rickets occurs only when certain substances in the diet essential for normal metabolism 
are lacking, or are supplied in insufficient amount,’’ Experimental evidence to sup- 
port this view was not known until 1919-1920, when Mellanby was able to produce 
rickets in puppies and to cure the disease with a “factor” coutained in cod-liver oil. 
The importance of sunlight became appreciated at about the same time through the 
work of Huldschinsky, followed by that of Eless and Unger, with rachitic children. 
Hess and Gutman (1922) arrived at the conclusion that the curative effect of cod-liver 
oil and of light was fundamentally the same. Steenbock and independently Hess dis- 
covered in 1924 that antirachitic potency could be induced in foods by ultraviolet 
irradiation. Soon it was found that it was the sterol fraction in foods that gave rise to 
the antirachitic factor. By 1927 Pohl, Windaus, and Hess, and Rosenheim and Web- 
ster recognized that the known sterol ergosterol was the “provitamin D.” A few years 
later pure ‘vitamin D.” was available. 

Vitamin De, however, was found to be of little value for chicks, while cod-liver oil 
was highly active. Windaus and his associates in 1935 synthesized 7-dehydrocholes- 
terol from cholesterol and showed that this provitamin D upon ultraviolet irradiation 
gave rise to vitamin Ds, which was found to be identical with the vitamin D present 
in fish-liver oils. 


Provitamins D 


The provitamins D are compounds that can be activated to vitamins D. Chemi- 
cally they belong to the class of sterols (sec Vol.12,p.917). The provitamins D are not 
known to have any physiological function of their own. They can, however, be 
synthesized by the animal organism as well as by plants. They can apparently be 
transported within the animal body and a certain amount is deposited in the skin where 
sunlight can reach the provitamin and convert it into vitamin D. Certain foods and 
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feeds contain small amounts of provitamins D and it is assumed that the provitamins 
are absorbed from the intestinal tract. ‘There are a cousiderable number of naturally 
occurring provitamins D, but the exact number and the constitution of several of those 
that have been isolated is unknown. In addition, several provitamins TD have been 
synthesized from various sterol compounds. Those that have been sufficiently 
identified, either chemically or biologically after transformation to the corresponding 
vitamins D, are listed below (see also Vol. 12, pp. 922-24). 

7-Dehydrocholesterol (II[), CHO, m.p. 150-51°C., [a] ~113.6° (CHCl) (8). 

5,7,22-Cholestatrien-3-ol (IV), CatLwO, has not as yet: been isolated or synthe- 
sized, 

22,23-Dihydroergosterol (V), CosfTisQ, m-p. 152-53°C., [a] — 109° (CIICh) (39). 

7-Dehydrocampesterol (VI), CxsHis0, m.p. 165°C., [a] — 109° is the 24a-epimer 
of 22,23-dihydroergosterol, So far this provitamin D has not been found in nature, 


but has been synthesized from campesterol (29). 
oe 
HO 
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(S)  7-Dehydro-g-sitosterol (X) 7-Dehydrostigmasterol 
Ergosterol (VIT), CxsHuO, m.p. 165°C., [«]3} —130° (CHCl), crystallizes from 


alcohols and acetone in small colorless plates with water of crystallization. From 
anhydrous solvents, for example from ethyl acetate or ether, ergosterol crystallizes in 
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the form of fine needles, The melting pomt varies according to the degree of hydra- 
tion. The best crystallized preparation contains 143 moles of water aud melts ab 
168°C. (5). Complete dehydration is very difficult to achieve and results in a product 
with a melting range of 166-188°C. Ergosterol distills in high vacuum at 250°C. 
without decomposition. 

Epiergosterol (VIII), CosHuO, physical constants unknown, is a synthetic product, 
(38). 

Corbisterol, CogsHO (?), is of unknown constitution, perhaps the 24-epimer of 
ergosterol (82), m.p. 149°C., [a]p —93.5°. 

7-Dehydro-f-sitosterol (IX), Cas3HwO, mp, 144—-145°C., [a]§ —116° (CHC), 
has not been found in natural sources but is believed to occur in plant oils (44). 

7-Dehydroclionasterol, CHO, m.p. 138°C., [a]p —98° (CHCl), is the 24- 
epimer of 7-dehydrositosterol (4). 

7-Dehydrostigmasterol (X), CoH yO, m.p. 154°C., [e]p —118° (CsHe), has not 
been isolated but is probably present in provitamin D mixtures of plant origin (16). 


PROPERTIES 


All provitamins D have similar solubility characteristics. They are insoluble in 
water, but soluble m the typical organic solvents such as ethers, hydrocarbons, and 
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Fig. 1. Absorption spectrum of ergosterol] in ethyl alcohol (black circles) and iso- 
octane (open circles) (66). 


fats. The lower alcohols are usually used for recrystallization. Ergosterol is soluble 
to the extent of one part in 526 parts of cold ethyl alcohol, 36 parts of boiling ethyl 
alcohol, 200 parts of cold acetone, 32 parts of hot acetone, 50 parts of ether at 20°C., 
and 28 parts of ether at the boiling point (8). 

The provitamins D have a characteristic absorption spectrum in the ultraviolet 
with maxima at 260, 270, 281, and 293.5 my (Fig. 1) (14). Anexcellent method for the 
‘quantitative determination of provitamins D is based upon the measurement of the 
extinction coefficient of the four well-defined maxima of the absorption spectrum, 
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The molecular absorption coefficient AC is about 30 % 10° for the band at 281 my. 
Table I shows the extinction coefficients of the maxima as well as of the minima for 
7-dehydrocholesterol (14). 


TABLE &. Absorption Characteristics of 7-Dehydrocholesterol in thy! Alcohol. 








me € Bt % 
Min. 230 1,500 39,1 
Max. 262.5 7,400 198 
Max. 271 10,400 271 
Min, 276 8, 830 230 
Max, 281.5 10,750 280 
Min, 288 5, 580 144. 
Max, 293 6, 150 160 
Min. 321 36 0.9 





OCCURRENCE 

Provitamins 1D are found throughout the animal and plant kingdom (see Tables 
II, TIT, 1V). While it is impossible to make definite statements as to which provitamin 
D occurs in 4 specific natural source, certain generalizations can be made, It appears 
that the most prevalent provitamin D in higher animals is 7-dehydrocholesterol. 
Available evidence indicates that 7-dehydrocholesterol or a provitamim D giving rise 
to a vitamin D of similar physiological activity is present in the skin of man and also 
of birds (27a). Plants, molds, and yeasts, on the other hand, contain predominantly 
ergosterol, 22,23-Dihydroergosterol has been found in ergot together with ergos- 
terol (30). There is considerable variation and some uncertainty about the kind of 
provitamin D in lower animals, Thus, ergosterol has been found in the snail Aron 
empiriocorium and in the earthworm, aud 7-dehydrocholesterol in the snail Buccinum 
undatum (7). A mixture of several provitamins D seems to oecur in several mollusks. 
In the European edible mussel, Mytilus edulis, for example, ergosterol and 7-dehydro- 
cholesterol and 5,7,22-cholestatrien-36-ol have been found (84). The provitamin D 
occurring in the American mussel Modiolus demissus appears to be different from the 
identified provitamins (28) and may also be a mixture. Corbisterol has been dis- 
covered in the bivalve Corbieula leana (17), and 7-deliydroctionasterol is believed to 
occur in the periwinkle (15). 

The amount of provitamin D in the various natural sources varies considerably. 
Thus, in higher animals, the provitamin D content is the greatest in the skin, where it 
may reach up to 4% of the total sterol content. The inner organs usually contain 
appreciably smaller amounts, ranging from less than 0,1 to 0.5%. Invertebrata as a 
rue contain higher amounts of provitamin D than vertebrata. The highest concen- 
tration of 7-dehydrocholesterol, 27% of the total sterols, has been found in a species 
of snails, Bucctnum undatum. The sterols isolated from the mussel Modiolus demis- 
sus contain 40-50% of provitamin D, which made this species an attractive source of 
provitamin D for commercial production (57). 

The best sources of ergosterol are yeasts and molds. Its occurrenee in ergot is 
historically important, but the amount obtainable from this source is not sufficient for 
commercial manufacture. On the other hand, ergosterol occurs in relatively large 
amounts in yeasts (y.v.), and extensive studies have shown that the yield can be in- 
fluenced to an appreciable extent by the conditions under which the yeast is grown. 
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The strain of yeast is also of some importance. Other commercially used natural 
sources of ergosterol are the mycelia of certain molds, especially of A spergilli and Penz- 
cilia. Asa by-product of citric acid fermentation (see Vol. 6, 365), Aspergillus niger 


TABLE IL. Ergosterol Contents of Various Materials. 





Proevitamnin D 








Source in sterols, % 
Dried yeast, 90-100 
Snail (Arion enpiricorium) 19-25 
[Earthworm 22 
Cottonseed oil 5 
Scopolta root, 1.4 





TABLE WI, 7-Dehydrocholesterol Contents of Various Materials. 





Provitamin 1D 











Source in sterols, % 
Pigskin , 3-6 
Snail (Buccinum undatum) 17--27 





TABLE IV. Provitamin D Contents of Various Materials. 





Provitamin D 











Source in sterols, % 
Vertebrata 
Skin from man 0. 15-0 . 48 
catile 0.18 
calf 0.68 
mice 0.87 
chicken feet 1,0-4.0 
chicken trunk 0.001-0.01 
Blood serum (cow) 0.15 
Brain (cow) 0.01 
Lung (ealf) 0.025 
Heart (calf) 0.032 
Spleen (cow) 0.045 
Placenta (cow) 0.18 
Pancreas (cattle) 0,18 
Invertebrata 
Ribbed mussel (Afodiolus demissus) 40-50 
Lugworm (Arenicola marina) 4-12 
Museels (Afytilus edulis) 9-10 
Oysters 5-6 
Leech 4 
Crabs (Cancer pagurus) 0.32 
Sea anemones 2-10 
Plants 
Cocksfoot grass 0.80 
Rye grass 1.5 
Wheut germ oil 0.8 
Seaweed 0.008 
Cabbage 0.05 
Spinach 1.0 
String beans 0.1 
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is an attractive source material (45). The commercial production of penicillin (¢.v.) 
provides a readily available source of Penieilléum mycelium. 


ISOLATION 

Isolation procedures are commercially important since ergosterol is manufactured 
ouly by this method. The end product in this case is about 90-100% pure. The 
yield iu a commercial operation has been described as 2.5-3% of the yeast used as the 
starting material. Commercial ergosterol often contains up to 5% of 5,6-dihydro- 
ergosterol. In the commercial production of mussel provitamin D as practiced in 
Europe, using Mylulis edulis (50), or as practiced in the U.S., using Modiolus demissus 
(57), the total sterols, containing the provitamin, are isolated, but the pure provitamin 
D isnot separated, ; 

Tn general, however, the isolation of provitamins D from natural sources involves 
two different steps: the isolation of the total sterols and the separation of the provita- 
mins from othersterols. Theisolation of the total sterols is usually a relatively simple 
process and consists in either first extracting the total fat, followed by alkaline saponi- 
fication of the fatty material and isolation of the ungaponifiable fraction by extraction 
with ether or di-n-butyl ether, or in saponifying directly the total material followed by 
isolation of the nonsaponifiable fraction. The isolation of the sterols from the un- 
saponifiable fraction is carried out by crystallization from a suitable solvent, such 
as acetone and alcohol. Ethylene dichloride (20 parts) or a mixture of this with meth- 
anol has been used commercially for recrystallization. Special isolation procedures 
have been developed for special cases. For example, after saponification, the fatty 
acids may be precipitated as calcium salts which adsorb the sterols. These are then 
recovered by solvent extraction from the filtered and dried precipitate. 

The separation of the provitamins from other sterols is usually a difficult problem 
and success depends largely upon the type and amount of provitamin D present. Of 
commercial importance is the purification of ergosterol, which is usually achieved by 
recrystallization from benzene-alcohol. This is not too difficult since the crude sterols 
contain around 90% of the provitamins. On the other hand, when very little provita- 
min D is present, isolation is often difficult or impossible. Thus no method is known 
by which the provitamin D in the spinal cord of eattle can be isolated. In this case 
the sterols consist essentially of cholesterol and contain provitamin D only to the 
extent of about 0.1%. Better chances for a successful isolation exist: when the pro- 
vitamin D is present in a concentration of at least 4-5%. The usual method ts frac 
tional adsorption of the sterols or of their esters, for example on alumina, which some- 
times permits an almost quantitative separation (54). Separation of the provitamins D 
from the sterols of the ribbed mussel has been achieved by fractional crystallization 
from isopropyl alcohol (26). Of scientific interest is also the method of forming a diffi- 
cultly soluble condensation product of the provitamin D with maleic or citraconic 
anhydride, which after separation from the much more soluble sterols is split by ther- 
mal decomposition into the provitamin D and the acid anhydride. 


SYNTHESIS 


Procedures for the synthesis of provitamins D are of considerable technical im- 
portance. Of the twa types of vitamin D manufactured commercially, only one pro- 
vides a source of antirachitic activity for all animal species, including chickens and 
turkeys. ‘This type is produced by D-activation of auimal sterols. The prototype of 
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this class is vitamin D3, which is manufactured from 7-dehydrocholesterol. Although 
there are good natural sources of animal provitamins D available for commercial 
production, the synthetic route is usually preferable because of easier control of proc- 
ess and product. 

7-Dehydrocholesterol can be manufactured by a variety of procedures. AJl such 
methods use cholesterol (see Vol. 12, pp. 921, 945) as the starting material. There is 
no total synthesis of 7-dehydrocholesterol or of any other provitamin D. 

The conversion of cholesterol to 7-dehydrocholesterol, im its simplest aspect, in- 
volves the removal of two hydrogen atoms from the cholesterol molecule. This can 
be accomplished by a one-step oxidation or dehydrogenation step (47). Historically, 
this was the first synthesis of a provitamin D, but this process was soon supplanted by 
what has become known as the classical synthesis of 7-dehydrocholestcrol by Windaus, 
The original Windaus synthesis gave a yield of about 4% of 7-dehydrocholesterol (48), 
Following the principle of this process many modifications were introduced that re- 
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sulted in a commercial process for 7-dehydrocholesterol with a yield of many times that 
of the original procedure. 

The Windaus process is as follows (see Scheme 1): Cholesterol (XT) is couverted 
into cholesterol acetate (XID) which is oxidized with chromic acid to 7-ketocholesterol 
acetate (36-hydroxy-5-cholesten-7-one acetate) (XT). The latter upon reduction 
with aluminum isopropoxide yields 7-hydroxycholesterol (5-cliolostene-38,7-diol) 
(XIV), the acetyl group undergoing an ester mterchange with the isopropyl alcohol 
used as the solvent. The 7-hydroxy compound is hengoylated and the dibenzoate 
(XV) is thermally decomposed into 7-dchydrocholesterol heuzoate (XVI) and benzoic 
acid. The former upou saponification yields 7-dehydrocholesterol (IT). 

This series of reactions takes a different course when the benzoate, instead of the 
acetate, of cholesterol is used. Upon reduction of 7-ketocholesterol benzoate, ob- 
tained by chromic acid oxidation of cholesterol benzoate, the 3-monobenzoate of 7- 
hydroxycholesterol is formed (52). 

Other importaut modifications comprise oxidation of the cholesterol ester to the 
7-keto compound in a buffered system (61); reduction of the keto to the hydroxy 
derivatives with aluminum isopropoxide under carefully controlled conditious in the 
presence of an amine (5G), or with aluminum lithium hydride; and splitting of 
benzoic acid from the 7-hydroxy dibenzoate in the presence of u solvent and an 
acid acceptor (51,53,55). 

The 7-hydroxycholesterol obtamed by reduction of the 7-keto derivatives is a 
mixture of the two possible geometric isomers. The 7a-form makes up about 80- 
90% of the mixture. The 78-form has also been obtained by direct oxidation of the 
monocholesterol ester of phthalic acid by permanganate oxidation. 7-Hydroxy- 
cholesterol can be prepered in relatively low yields by oxidation of cholesterol with 
such oxidizing agents as lead tetraacetate, peroxybenzoic acid, and molecular oxygen 
(58). 

Hither of the two isomers of 7-hydroxycholesterol can he converted into 7-dehy- 
drocholesterol. As a by-product of this reaction, isodehydrocholesterol is obtained, 
differing from 7-dehydrocholesterol only in the position of the conjugated donble 
bonds. (Formula XVII shows the double bonds im the 6,7- and 8,9positions,) 


ScHEMB 2 


—— 





“Rr 
(XVII) 





RO 


(IL) 


VITAMINS (VITAMIN D) 837 


Tsodehydrocholesterol can be partially converted into 7-dehydrocholesterol by heat 
treatment (59). 

A somewhat different process known as the Ziegler process is also used commer- 
cially. This is based on Ziegler’s method for the introduction of a double bond ad- 
jacent to an existing one by introducing a bromine through reaction with N-bromo- 
succinimide. This is followed by dehydrobromination. The application of this pro- 
eedure to cholesterol (60) has been developed both in the U.S. and abroad simul- 
taneously. (Sec Scheme 2; see also Vol. 12, pp. 928-30.) 


ASSAY 

There are a number of chemical methods that may be used for the qualitative or 
semiquantitative determination of provitamins D. All these methods are based on 
chemical reactions given by sterols with conjugated double bonds in or about the posi- 
tions of the double bonds in the provitamin D molecule. This means that none of these 
methods is absolutely specific for the provitamins and that there is no method that 
ean be used to differentiate between individual provitamius. 

(1) The Reversed Salkowshi Reaction, The provitamin D is dissolved in chloro- 
form and concentrated sulfuric acid is added. The acid becomes deep rec while the 
chloroform layer remains colorless. Sterols, such as cholesterol and sitosterol, give 
the opposite color reactions: the chloroform becomes red, while the acid exhibits a 
green fluorescence. 

(2) The Liebermann-Burchard Reaction. The provitamin D is dissolved in chloro- 
form, and acetic anhydride and concentrated sulfuric acicl are added dropwise. A 
red color develops which progressively chauges from blue-violet to green. Choles- 
terol gives a similar change of color but the initial red color remains unchanged for a 
louger period of time, 

(3) The Tortellt-Jaffé Reaction. A solution of provitamin D in acetic acid is 
mixed with a 2% solution of bromine in chloroform. <A green color develops. This 
reaction is giveu by steroids with a di-tertiary ethenoid linkage and by vitamins D. 

(4) The Rosenheim Reaction. To asolution of provitamin D in chloroform a solu- 
tion of trichloroacetic acid in water is added. <A red color develops which changes 
slowly into a light blue. This color reaction becomes considerably more sensitive 
when, before the addition of the trichloroacetic ucid, lead tetraacetate in glacial acetic 
acid is added to the chloroform solution of the provitamin. An intense green fluores- 
cence occurs which js, however, uot given by provitamin D esters. Thus, provitamins 
D ean be differentiated from their esters by this method. This modified color re- 
action can be employed for the detection of provitamins D in an amount of the order 
of 0.1 y. 

(5) Chloral Hydrate Reaction. Crystals of provitamin J), when heated slowly with 
crystals of chloral hydrate, melt about 50°C., and the mixture becomes first red, then 
green, and finally deep bluc. Sterols, such as cholesterol, do not give any color re- 
action with chloral hydrate. 

(6) The Antimony Trichloride Reaction. Provitamin |) dissolved in chloroform 
and mixed with a solution of antimony trichloricle in chloroform yields a red color. 

(7) The Chugaev Reaction. A solution of provitamin D in glacial acetic acid 
with an excess of acetyl chloride and zinc chloride yields wpon heating to the boiling 
point an cosin-red color with a greenish yellow fluorescence. The sensitivity is re- 
ported to be 1:80,000. 


838 VITAMINS (VITAMIN D) 


While none of these reactions is absolutely quantitative, the Liebermann-Bur- 
chard reaction and the Rosenheim reaction have been recommended and developed 
for quantitative assays. 

The most accurate method for the determination of provitamins J) is the spectro- 
scopic analysis. The characteristic absorption spectrum of the provitamins in the 
ultraviolet region is the same for all provitamins on a molecular basis (see p. 831). 
This method, while quite accurate for the determination of provitamins D in sterol 
mixtures isolated from natural sources, cannot distinguish between the individual 
provitamins D. This method can also be used for the determination of provitamins D 
in preparations obtaimed by chemical synthesis with the restriction that the actual 
absorption maxima must be determined as such and in relation to cach other and that 
general absorption must be observed and properly considered. 


Conversion of Provitamins D to Vitamins D 


Provitamins D can be activated to vitamins D by a number of different processes. 
They all involve in principle the input of energy into the provitamin D molecule. 
Thus, ultraviolet light, cathode rays, radium emanation, etc., effect, activation. 

Mechanism and Chemistry of Activation. The conversion of provitamins D to 
vitamins D is not a simple process but a complex sequence of rearrangements without 
parallel in photochemistry. During the course of this reaction several substances are 
formed before vitamin D is obtained, and the latter is not stable to the activating en- 
ergy but is transformed into other compounds, 
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Extensive studies indicate that the conversion is identical for all provitamins. 
The sequence of reactions that occurs when 7-dehydrocholesterol is irradiated with 
ultraviolet light will be discussed as typical. When other processes of activation are 
used, the same vitamin D is obtained and presumably also the same iutermediates, but 
this is not known, 

In the process of activation of 7-dehydrocholesterol (III, Scheme 3) (42), the first 
photochemical reaction constitutes an inversion of the C(10)-methyl group from the p- 
to the e-position, yielding lumzsterol; (XIX). Ivradiation of limisterol causes the 
opening of ring B of the sterol molecule between carbon atoms 9 and 10, with simul- 
taneous formation of a double bond. The first product is believed to be a compound 
called protachysterol, (tentative formula (XX)), which rearranges to tachysterol; (XXI). 
The double bonds of the latter rearrange under the influence of irradiation to give 
precholecalciferol (XXII), which in turn rearranges to vitamin Dy, (II) (85). This 
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Fig. 2. Absorption spectra of ergosterol and its irradiation products in 0.2% 
ether solution (66). 


last reaction apparently does not require ultraviolet but occurs spontaneously. It is a 
slow reaction which is greatly aceelerated by the heat usually applied in concentrating 
and isolating the vitamin. This reaction has been described as reversible; at the point 
of equilibrium the vitamin predominates over its isomer. 

The vitamins D, upon further irradiation, are converted into compounds that are 
devoid of antirachitic activity just as all thetransformation products of the provitamins 
D with the exception of vitamin D itself have no vitamin activity. The products of 
the irradiation of vitamin D are called swprasterol I and IT, but their chemical constitu- 
tion is unknown. 

All the irradiation products from the provitamins to the suprasterols are isomers. 
The changes that occur within the molecule can be followed spectroseopically (see Fig. 
2) (41). 

Biological Significance. Although provitamins D occur and are synthesized in 
the animal organism, the conversion of the provitamin D to vitamin D can only be 
accomplished by the ultraviolet radiation of the sun or some artificial source. In 
order to derive the needed vitamin in adequate amounts, the provitamin is usually 
found in relatively high concentration in the skin, Feather- and fur-bearing animals 
carry the provitamin D in the skin of the rmcovered part of the body. For example, 
chickens have a very high concentration of provitamin D in their feet (27a). 
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PROCESS OF ACTIVATION 

Ultraviolet Light Activation. Provitamins D are activated to vitamins D by 
ultraviolet light of the same wave lengths as the rays absorbed by the provitamins as 
evident from the absorption spectrum. The energy required to produce one U.8.P. 
unit of vitamin D from ergosterol has been repeatedly investigated. The data ob- 
tained under the most careful conditions indicate that 7.5 X 10% quanta will produce 
one U.8.P. unit of vitamin D. In the active region, the energy necessary depencls upon 
the wave length. The most effective activation of crgosterol is obtained from light 
of wave length 28! my, whichis the line that shows maximum absorption of ergosterol, 

Different sources of ultraviolet light used for the activation of provitamins D are 
the magnesium are, the carbon arc, and the mereury-vapor lamp. The light emitted 

by a bismuth-vapor lamp has also been recom- 
menilecd. Cored carbon electrodes impreguated 
oi | with various metuls are also used. 

Provitamins D can be activated in the dry 
state, in vapor form, and in solutions. Irradia- 
tion of provitamin D in the dry state gives 
poor yields because the vitamim D is produced 
only ou the surfaces of the crystals and further 
irradiation destroys the vitamin 1D formed be- 
fore the provitamin D inside the erystals has 
been affected. Irradiation in the vapor phase 
has not been investigated thoroughly. The 
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ccoIFFUSER best method of irradiation is to expose solutions 
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E~AIR SPACE ALL AROUND of provitamins D to the action of the ultraviolet 
F- COOLANT light. Agitation of the solution was found to 


Courtesy Hanouta Chemical & Manufacturing Ca Tnerease the vitamin D yield. The best tech- 
Fig. 3. Quartz irradiation vessel for the ical method known today involves the utiliza- 
conversion of provitamin D to vitamin D. tion of » special quartz irradiation chamber 

which is built concentrically around the mer- 
cury-vapor lamp and through which the provitamin D solution passes continuously 
in turbulent flow (see Tig. 3). 

It is well established that light of wave length between 275 and 3800 mu produces 
the best yields of vitamin D with the smallest amount of by-products, The desired 
light is obtained by special light filters. Light below 275 mz is filtered out by aromatic 
compounds such as benzene or xylene or by compounds such as biphenyl in benzene 
solution, or by a 5% lead acetate solution. Carbon tetrachloride is used to filter out 
light of the wave leugths 312 and 313 my. Special types of glass that: selectively allow - 
hight of 270-300 mp to pentrate can also be made. 

The presence of oxygen during the irradiation should be carefully avoided. The 
intermediates and by-products formed during the irradiation are much more sus- 
ceptible to oxidation by molecular oxygen than either the provitamis or the vitamins 
D. The presence of oxygenated materials makes it difficult, to isolate crystalline vita- 
min D, but the actual yield is not greatly affected. 

There is apparently also a specific solvent effect involved in the irradiation pro- 
cedure. The activation takes place more rapidly im ether than in alcohol. Other 
solvents such as cyclohexane and the cyclic diether dioxane have also been recom- 
mended, either alone or in mixture with ethyl acetate, benzene, or triethanolamine. 
Provitamins D can also be irradiated in oil solution. 
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Of further interest are some special methods of irradiation. Thus, it is claimed 
that increased yields of vitamin D are obtained when compounds are added that pro- 
tect, the vitamin D after its formation. Ethylene or alkalies have been used m this 
manner, The irradiation can also be carried out in the presence of photosensitizers, 
for example, eosin, erythrosin, or dibromodi- 
nitrofluorescein. pag 

The temperature coefficient of activa- 
tion, ifany, is very small, The greater effect, 
observed on irradiation at the boiling point 
of the solvent is probably due to more nni- 
form activation of all molecules present. 

The best yields are obtained when only 
40-60% of the total provitamin D is con- 
verted. In such cases, the yields are be- 
tween 380% and 60% of theory. This cal- 
culation includes the recovery of unchanged 
provitamin D. 

Besides the irradiation of solutions of 
provitamins D, the irradiation of foods and 
feed is of technical importance. Thus, 
cereals and flour have been commercially 
irradiated, Of considerable importance for 
human consumption is the irradiation of 
milk (see also Dairy products (milk), Vol. 4, 
p. 789). Special equipment has been de- 
signed to obtain optimum yield by irradia- 
tion of the milk flowing in a thin layer (see 1. Inlet 6, Skimmer 
Fig. 4}. Ultraviolet light penetrates milk  ? moat o Collecting Dank 
only very slightly and the odor of milk is 1. an Cate * Phot all 
very easily alfected adversely by exposure to 5. Flow Board 10. U.V. Burner 
the light. Also technically important, is the Courtesy Wanovia Chemical & Manufacturing Co, 
irradiation of yeast, which is carried out in 
equipment similar to that for milk irradia- 
tion. A slurry of yeast in water is circulated 
through the equipment a number of times until the required degree of D-activation 
oceurs. The irradiated material is spray-dried. 

Activation by Other Means. Although activation by ultraviolet light is the best- 
known procedure, other methods have been investigated for the conversion of pro- 
vitamins D to vitamins D. Activation of ergosterol vapors by high-frequency elec- 
trons was used commercially for a short time. 

Cathode rays as such or in the presence of catalysts such as iron uranium salts; 
canal rays; a-, 6-, and y-rays of radioactive elements; radium emanation; x-rays, 
corpuscular rays; high-frequency electrons; and finally alternating current of high 
frequency have been claimed to effect activation of provitamins D. 
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Fig. 4. Diagram of commercial milk irradia- 
tion equipment. 


Vitamins D 


Of the considerable number of different vitamins D, exactly how many occur in 
nature ig not known, By molecular distillation of cod-liver oil evidence for the 
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existence of six different vitamins D has been obtained (18). Two of these, vitamins 
D, and Ds, constitute the major amount of the antirachitie activity. Two other com- 
pounds were found to be present in smaller amounts, and another two appeared to be 
present only in traces. On the basis of the findings from molecular distillation of 
different fish oils it was concluded that the vitamin D composition of such oils is not 
uniform and that there may be vitamins D not encountered in the cod-liver oil orig- 
inally investigated. 

Prior to the isolation of any antirachitic substance from natural material, several 
forms of vitamin D were obtained by activation of different provitamins D. Numbers 
were assigned to these vitamins D in order to simplify the nomenclature. There 
is, however, no vitamin D, because the compound to which this term was originally 
assigned was later shown to be a molecular addition product of vitamin D, with lumis- 
terol, The relation of the other vitamins D to their provitamins is shown in Table V, 








Vitamin D Provitamin D Remarks 7 
Vitamin D. Ergosterol 
Vitamin Dy 7-Dehydrocholesterol 
Vitamin D, 22,23-Dihydroergosterol 
Vitamin D,; 7-Dehydro-f-sitosterol 
Vitamin Ds . 2? 


Found in eod-liver oil (66,27 
Vitamin D, » ' oun (66,27) 





From a practical point of view, the vitamins D are differentiated according to the 
general source of the provitamin from which they can be obtained, namely, animal- 
type and plant-type vitamin D. Vitamin Ds is the representative of the animal-type 
vitamin D, while vitamin D, represeuts the plant-type. Feed manufacturers often 
use the terms ‘‘D-activated animal sterols” and ‘“D-activated plant sterols.” This 
differentiation by origin is necessary since in the nutrition of poultry ouly the animal- 
type vitamin D is of practical value. 


PROPERTIES 

All the known vitamins D, in the pure state, are white, odorless crystals, They 
are very soluble in fats and in the usual organic solvents such as ether, chloroform, and 
benzene, somewhat less so in acetone and ethyl alcohol, and slightly soluble in methanol. 
They are insoluble in water. They exhibit a characteristic absorption spectrum in the 
ultraviolet region with one maximum at 265 my, « = 19,200 (for vitamin 
D;). (Extinction coefficient 470-500.) 

Vitamin Dz: m.p. 115-117°C., [a]i§ + 105° (96% alcohol) (33). 

Vitamin Ds: mp. 82-86°C. (range), [a] + 111.2° (96% alcohol) (33). 

Vitamin Dy: m.p. 107-108°C., [a ]§ + 89.3° (acetone) (40). 

The melting points of the vitamins D are relatively difficult to determine accu- 
rately. Depending upon the method used, considerably different results may be ob- 
tained. Reproducible data may be obtained by using whole, dry crystals (not pul- 
verized), by avoiding exposure to air, sealing the capillary melting point tube, inserting 
the tube in the melting point apparatus at a temperature about 10° below the melting 
point, and permitting a rise of temperature of 5°C. per minute. 

The vitamins D are relatively stable against oxidation when pure, but oxidize 
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easily in the presence of the other irradiation products of the provitamins D. They 
are stabilized, however, in oil solution. They ave destroyed by light and by excessive 
heat although they are comparatively stable to heat treatment, especially in neutral 
ov alkaline solution. Acidity slowly destroys these vitamins. The vitamins D can be 
sublimed in high vacuum, althongh partial decomposition may occur. Two thermal 
conversion products, pyrocalctferol and isopyrocalciferol (having the same empirical 
formulas as the vitamins D), are obtained by heating to 160-190°C. 


OCCURRENCE 


Vitamin D occurs in small amounts in most animals. Significant amounts, 
however, are found only in the liver and the viscera. Milk and eggs are natural car- 
riers of vitamin D. 

Abundant and technically important amounts of vitamin D are found only in fish 
livers and viscera. The concentration of this vitamin in liver oil varies considerably 
with the species, the season, and a number of other biological factors such as age, 
climate, and food supply. Halibut livers, for example, in the summer months give 
a high yield in oil of low potency, and in the winter months they give less oil with more 
vitamin D. Fish with much body oil are the richest natural source of vitamin D. 
The distribution of vitamin D in various fish oils is illustrated in Tuble VI (6), While 
the fat from fish contains relatively large amounts of vitamin D, the fat of other ani- 
mals contains little or none. Exceptions to this general rule are the fats of animals 
which live upon fish, such as certain birds. 

Vitamin D does not occur in plant tissues. No detectable amount has ever been 
found in fresh vegetables. Certain plant materials contain significant amounts of 
provitamin D and it seems quite possible that some vitamin D should be formed by 
irradiation from the sunlight. The antirachitic properties of hay, dried alfalfa, and 
cacao shells are due to the growth of molds or yeasts capable of synthesizing relatively 
large amounts of provitamin D, which is partly converted into vitamin D during “sun 
curing.” 


TABLE VI. Distribution of Vitamin D in Various Fish Oils. 


Vitamin D, 











Name of fish Scientific name I.U./g 
Frigate mackerel Ausis thazard 44,000 
California bluefin tuna Thunnus saliens 42,000 
Bonito Sarda lineolata 35,000 
Albacore Thunnus germo 13,000 
Jewfish Stereolepis gigas 9,000 
Swordfish Xiphius gladius 7,000 
Barracuda Sphyraena argentea 4,700" 
Sardine (pilchard) Sardinia caerulea 2,300 
Halibut Hippoglossus hippoglossus 1,200 
Striped perch Taeniotoca lateralis 900 
Round-nose sole Hopsetia jordant 520 
Black cod Anoplopoma fimbria 310 
Pacifie cod Gadus macrocephalus 190 
Atlantic cod Gadus morrhua 100 
Pacific dogfish Squalus suckleyt 13 
Basking shark Celorhinus maximus 6 


Atlantic dogfish Squalus acanthias 3 
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[ISOLATION 


Pure vitamin D is not isolated commercially from natural sources. Before the 
development of “D-activated animal sterols” or of vitamin Ds, concentrates of vitamin 
D were produced from fish livers. While this industry still constitutes an important 
source of vitamin A, the importance in the vitamin D field is reduced, at least in the 
US., to the preparation of a few pharmaceutical specialties such as cod-liver oil and 
percomorph liver oil. The technical processes used, saponilication of the oils, isola- 
tiou of the vitamin D-bearing unsaponifiable matter, aid molecular distillation are 
described under Fish-Hver offs. Procedures used for the isolation of the pure vitamin 
Ds or vitamin Ds for identification and for scientific studies may be found. im technical 
monographs such as reference (66). Tn general, they consist of the methods described 
for the preparation of vitamin A and D concentrates from fish oils followed by proce- 
dures similar to those desertbed below for the manufacture of crystalline vitamin D. 


MANUPACTURI 

The bulk of the vitamin D on the market m the U.S. is manufactured by ultra- 
violet irradiation of the provitamins (see p. 840). Commercially, the provitamin D is 
activated in ether sohition im the case of animal sterols, 7-dehydrocholesterol, and ergos- 
teral, or as & water slurry in the case of yeast. When an ether solution containing a 
provitamin D is irracliated, the progress of Lhe activation can be determined by follow- 
ing the change in optical rotation of the mixture in solution, by erystallization of the 
unchanged provitamin, or by its precipitation with digitonin. While Lhese procedures 
determine ouly the rate of conversion of provitamin D to vitamin D, they are much 
quicker than any biological estimation of the amount of vitamin D formed. After 
pradiation the solvent is removed and the unchanged provitamin is recovered by erys- 
tallization from alcohol. The isolation of the vitamin D formed is carried out in the 
absence of oxygen. Tor the manufacture of a solution of vitamin D in oil, the alcoholic 
vitamin D solution is added 10 the oil aud the alcohol is removed by vacuum distilla- 
tion. Corn oil is used to a great extent for animal feeding oils because of the great 
autioxidant power it possesses, Fish oils are also used, especially those high in vitamin 
A but low in vitamin D in order to increase their autirachitic activity. For pharma- 
ceutical preparations olive oil, sesame oil, and peanut oil are also used. 

For the manufacture of crystalline vitamins D, nse is made of a characteristic, 
sparingly soluble ester such as the 3,5-dinitrobenzoate. This can be purified by Frac- 
tional crystallization, and the pure vitamin D is obtained by careful saponification of 
the ester (46,49), 

According to the U.S. Tariff Commission, the U.S. production of vitamin Ds 
in 1953 was 25,824 billion U.S.P. units, and the sales totaled 23,147 billion. The 
corresponding figures for vitamin D, were 24,244 and 21,718 billion U.S.P. units. In 
1955 wholesale prices for high-potency vitamin Ds oils and vitamin 1); oils were 2.5¢ 
and 3¢, respectively, per Standard Unit, Frgosterol sold for $150/kg. 





STANDARDS AND ASSAY 


Pure vitamin D, was adopted in 1949/1951 as the uew International Standard (43) 
as well as the U.S.P. standard. By definition, one unit of vitamin D activity is rep- 
resented by 0,025 y of vitamin D;. Therefore one gram of vitamin D, equals 40 million 
USP, units. The International Chick Unit (.C.U;) of vitamin D is also identical 
with the U.8.P. unit (24). 
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Before 1951, two different standards for vitamin D had to be recognized because 
of the different species activity. The [.U. and the U.S.P. unit of vitamin D was a 
measure only of the plant-type vitamin D, one unit being by definition 0.025 -y of 
vitamin D,. The A.O.A.C, chick unit, established by the Association of Official Agri- 
cultural Chemists, was a measure of the animal-type vitamin D and was based on the 
antirachitic response of the chick to the U.S.P. reference cod-liver oil. Vitamin D,, 
according to these measures, had a biological efficacy of 45 million I.U. or U.S.P. 
units per gram, or 58 million A.O.A.C. chick units (86). 

Vitamin D is sold in “Standard Units,” one Staudard Unit being equal to one 
million U.8.P. units, 

There is only one physteal method for the determination of vitamin D, the 
measurement of the characteristic absorption spectrum in the ultraviolet (at 265 my). 
This method is fairly accurate in the absence of other substances with absorption i 
the same region. Such interfering substances can be removed from concentrates of 
vitamin D derived from fish oils or from irradiatiou procedures provided they contain 
al least 50,000 1.U, per gram (11). 

Among the chemical methods proposed for the quantitative assay of vitamin D, 
the antimony trichloride color reaction has received greatest attention (9). When 
interfering compounds are removed, the extinction at 550 my of the color produced by 
the reagent can be determined with as little as 0.02-0.4 mg. vitamin D. The higher 
the concentration the more accurate an estimation can be given (12,25). A similar 
situation exists wlien glycerol dichlorohydrin is used to produce a color that can be 
measured quantitatively (10,31). 

Neither the physical nor the chemical methods available or proposed are suffi- 
cleutly accurate to determine vitamin D in low concentration. Furthermore, all of 
these procedures fail to differentiate between the various forms of vitamin D, an 
analytical procedure which is most important from a commercial point of view. The 
only satisfactory method of analysisis the biological method, which, however, is costly, 
time-consuming, and accurate only within the limits of the biological assay, Rats 
and chicks are used as test animals for vitamin D preparations. All preparations to 
be analyzed or standardized are first assayed with rats. The official method of the 
U.S. Pharmacopeia uses the curative procedure (83). Weanling rats are placecl on a 
rachitogenic diet. and different levels of the unknown are fed to some animals while 
others receive known amounts of a reference standard. The criterion of healing is the 
development of a line of new calcification through the rachitic metaphysis, made vis- 
ible by staining with silver nitrate. After the potency of a preparation for rats is 
established, a chick assay may be performed. According to the procedure of the As- 
sociation of Official Agricultural Chemists the potency is determined on the basis of 
the percentage of ash in the tibia (2). The potency is calculated on the basis of statis- 
tical treatment of the data (37). 


BIOLOGICAL FUNCTIONS AND VITAMIN D DEFICIENCY 


In the broaclest aspect, vitamin D stimulates growth. The most obvious symp- 
tom of this action is the effect of vitamin D on bone growth, The elinical picture of a 
vitamin D deficiency is known as rickets, which is characterized by a disturbance in the 
deposition of calcium and phosphorus in the growing bones. This deposition may be 
retarded or stopped, thus retarding or stopping the growth of bones. Furthermore, 
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the inorganic material previously deposited may be withdrawn from the bones, causing 
a considerable softening. An early symptom of a vitamin D deficiency is a lowered 
phosphorus content in the blood serum. Later a lowering of the calcium level is 
observed also, 

Vitamin D deficiency results in typical skeletal changes which are noticeable in 
the ribs, forearms, wrists, and legs. In babies the retardation of the calcification of 
the fontanelles is especially charactcristic. Instead of calcification of the bones, ex- 
cessive cartilage formation sets in, especially at the ends of the long bones, and results 
in enlargements of the jomts. Curvature of the affected bones occurs in later stages 
of the disease and is especially significant in the limbs, the spine, etc. Deficiency of 
vitamin D is also a contributing factor in the occurrence of dental caries. Deficiency 
of vitamin D in children may be the cause of infantile tetany, which is usually the sign 
of the beginning of healing, and occurs when the faulty phosphorus metabolism is 
relieved while the calcium metabolism is stillimpaired. Rickets of the adult is known 
as osteomalacia and is characterized by a decalcification of the bones which leads to 
brittleness. 

Vitamin D deficiency, however, does not affect the bones exclusively but the entire 
body. Besides the changes m the bones, the effects on muscles are most obvious. 
During severe cases of rickets the muscles hecome weak and flabby. 

Insufficient supply of Vitamin D is equally hazardous to all animals. Of great 
economic importance is the result of vitamin D deficiency in livestock. Chicks and 
turkey poults are very sensitive to vitamin D deprivation and soon become inactive 
and apathetic, with ruffled feathers and awkward gait. Deformities of the breast bone 
are observed and the long bones break with little resistance. Also the bones in their 
feet and legs will not support their bodies and bend easily, This is also the case im 
pigs and calves. Eggs from hens that obtained suboptimal doses of this vitamin have 
thin shells and do not hatch normally. The egg production declines also ay a result of 
vitamin D deficiency, Vitamin D is equally essential for maintenance, reproduction, 
and lactation of mature dairy animals, 

Requirements. Because of the tremendous importance of vitamin D for growth 
and maintenance of good health, the requirements for men as well as for farm animals 
have been studied extensively. The National Academy of Sciences, National Re- 
search Council, has issued certain recommendations for dietary allowances for the 
maintenance of good nutrition in healthy persons in the U.8. According to the 1953 
revision, as reported by the Food and Nutrition Board, the vitamin D requirement for 
optimum health is estimated to be about 400 units per day, regardless of age. This 
amount of vitamin D will afford ample protection from rickets, provided a sufficient. . 
amount of the other essential nutrients, including calcium and phosphorus, is supplied. 
On the other hand, in order to cure rickets in infants a daily dose of 500-1500 units is 
usually given (21), 

The nutrient requirements of domestic animals have been reviewed by various 
subcommittees of the Committee on Animal Nutrition, For starting and growing 
chickens 90 I.C.U. and for laying and breeding hens 225 I.C.U. per pound of feed have 
heen recommended (20). For turkeys 400 1.C.U. per pound of feed has been suggested, 
without distinction as to age. Startmg and growing ducks are believed to require 
about 100 I.C.U. in each pound of feed. The requirement of swine is about 90 units 
of vitamim D per pound of feed (19). For sheep (23) and calves (22) about 300 units 
of vitamin D per 100 pounds of body weight is recommended. Four-footed animals 
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can get along on vitamin D, while poultry must have vitamin D;. Also for fish, vitamin 
D; apparently is more effective than vitamin D, (18). 

Toxicity. Like all the other vitamins, vitamin D when given in excessive amounts 
is toxic. The toxic dose, however, is not clearly defined, apparently because the toxic 
threshold varies considerably among individuals. As an average figure, a continued 
daily dose of about 20,000 I.U. of vitamin D per kilogram of body weight has been 
considered to cause intoxication in man aud in dogs. Clinically, however, in the so- 
called shock therapy, single doses up to 1 million 1.U, of the pure crystalline vitamin 
D dissolved in a suitable medium have been used. 

As a result of excessive vitamin D administration the calcium of the bones is 
mobilized. The calcium content of the serum is increased, decalcification of the skele- 
tal bones sets in, and calcification occurs in various organs and tissues, especially in 
the kidneys, lungs, heart, blood vessels, and bronchi. 


USES 


The vitamins D are commercially available in various forms which differ according 
to the use to be made of the vitamin. In the pharmaceutical industry fish oils have 
been used for a long time. Cod-liver oil has been a favorite among the low-potency 
oils, and highly potent percomorph liver oil has enjoyed a specialty market. As 
supplements for animal feeds “A and D feeding oils’’ are traded, preparations which 
are often fortified with manufactured vitamin D3. 

Vitamin D, has rapidly captured a good share of the total vitamin D market 
since it is equally active for man and all animals. The pure crystalline vitamin is used 
for medicinal preparations, concentrates for the pharmaceutical industry, and the 
fortification of fresh and evaporated milk. For poultry feeds, special dry vitamin Ds 
preparations are produced in which a highly potent vitamin D; concentrate in a vege- 
table oil is dispersed on a dry carrier such as corn or flour. Dry preparations of either 
1500 or 3000 units per gram potency are marketed. A vitamin D;-containing oil— 
water emulsion is also available for either human or animal use and is valued as a 
specialty because vitamin D is somewhat more easily absorbed from an emulsion than 
from an oil solution. 

Vitamin D; either in crystalline form or as a concentrate in oil is used in some phar- 
maceutical preparations although vitamin D,; is now preferred by many authorities 
as the natural vitamin D of man and animals. Vitamin D» in the form of irradiated 
yeast, is manufactured as a feed supplement for cattle, swine, and dogs. 
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VITAMIN E 


The term “vitamin [0 was used originally to describe a partially characterized 
material in vegetable oils that was essential for the rat to maintain fertility. Dis- 
covery of this new fat-soluble vitamin in 1922, and early pioneer investigations of its 
natural distribution, isolation, and identification were due primarily to Evans, Burr, 
and Emerson of the University of California, and Mattill aud Olcott of the University 
of Iowa. More than one naturally occurring substance and a variety of apparently 
unrelated organic compounds were found subsequently that acted like vitamin E in the 
body. Also, the symptoms of vitamin E deprivation were discovered to be very dif- 
ferent in different species of animals. Consequently, “vitamin E potency” was used 
for many years to designate, in a general manner, a type of physiological activity that 
could cure or prevent any vitamin E-deficiency symptom in animals. 

Isolation and identification of four naturally occurring compounds possessing 
vitamin I! activity were finally achieved, and these substances were designated a-, 8-, 
y-, aud 6-tocopherols (I-IV; * denotes points of asymmetry). (Tocopherol is de- 
rived from Greek words meaning to bring forth offspring and is pronounced +6-kéf- 
ér-ol.) Although the tocopherols are closely related chemically, all being methyl 
derivatives of tocol (2-methyl-2-(4,8,12-trimethyltridecyl)-G-chromanol), they have 
quite different, biological potencies, a-Tocopherol, with a completely methylated aro- 
matic ring, is the most potent. Because of its high potency, which makes it the pre- 
ferred form for clinical use, and because, as a-tocopheryl acetate, it has been univer- 
sally recognized as the International Standard of Vitamin E since 1941, the term ‘a- 
tocophcrol”’ is now widely used instead of “vitamin E.” The latter term is reserved as 
& group name for preparations possessing a-tocopherol-like physiological activity. 

Both e-tocopherol and «-tocopheryl acetate, the forms most used commercially, 
are clear, slightly yellow oils, odorless, and quite viscaus. The naturally occurring dex- 
troform is the most active isomer, physiologically; the synthetic dl-e-tocopherol and 
its esters have about 70-75% the potency of the corresponding dextro forms, The 
principal commercial uses of a-tocopherol are in medicine and in livesteck feeding as a 
source of vitamin E activity and in food technology and pharmacy as an antioxidant to 
retard the development of rancidity in fatby materials, 
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PROPERTIMS 

The physical property of a-tocopherol, CuH O02, formula weight 4380.69, of most: 
commercial interest is rts fat solubility. Both «tocopherol and e-tocopheryl acetate 
are freely soluble in glyceride oils, alcohol, chloroform, and acetone. They are in- 
soluble in water. 

The optical activity of natural deztro-o-tocopherol is very slight. For dextre- 
e-tocophery! acetate the optical rotation of a 10% solution in chloroform in a 200- 
mm, tube is only +0.25°. 

A few physical properties of commercial vitamin Er products are shown in Table I; 
these are taken from monographs (5) proposed for the 10th edition of the National 
Formulary. Another important product, especially for tablets and. dry-fill capsules, 
is dextro-a-tocophery] acid succinate, a crystalline solid, m.p. 76-77°C. 


TABLE I. Some Physical Properties of Commercial Vitamin E Products. 














. . a5 mi (1% ,1 om.) 
Vitamin E product Sp.-er.g50u, nh in ethyl alcohol 





dextro-a-Tocopheryl acetate; melts about 
25°C. 0.950-0 964, 1.4940-1 , 4985 40~44 at 284 my 
dextro-a-Tocopheryl! acetate concentrate; 
contains at least 25% deztro-x-tocopheryl 
acetate (liquid) 0.982--0.955 ® 4 
Mixed tocopherols concentrate; contains 
at least 34% total tocopherol; at least 
half of tocopherols is dextro-a-tocopherol 


(liquid) 0.982-0 955 4 * 
dl-a-Tocopheral (liquid) 0.947-0.958 1.5030-1,5070 71-76 at 292 mp 
dl-a-Tocopheryl] acetate (liquid) 0,950-0, 964 1.4940-1 4985 40-44 at 284 mp 








@ Varies with potency of concentrate. 


In addition to light-catalyzed oxidation of a-tocopherol, destruction is also ac- 
celerated by unsaturated fatty acid oxidation, and the presence of metal sults and 
alkalies. Oxidation proceeds according to reactions shown in Scheme 1. [Further 
oxidation (chromic acid) yields dimethylmaleic anhydride, biacctyl, acetone, a Cig 
acid, a Cketone, and a Ca-lactone. From these products, Fernholz (8) in 1938 cor- 
rectly postulated the structure of a-tocopherol. 
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The ready reversibility of a-tocopherol with certain of its oxidation products 
suggests that vitamin FE acts in the body as an integral part of some oxidation-reduc- 
tion system or enzyme. The existence of a free semiquinone raclical of a-tocopherol has 
been demonstrated by Michaelis by ultraviolet. irradiation at low temperatures (16). 


It might well be the critical factor in one or more vital oxidation-reduction reactions 
in vivo. 


SCHEME | 
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a-Tocohydroguinone (a-tocopherol hydroquinone) shows good activity in pre- 
venting and curing muscle dystrophy in hamsters, while a-tocoguinone (a-tocopherol 
quinone) as well as e-tocohydroquinone is effective in the rabbit. The rat can utilize 
a-locopheroxide (a-tocopherol epoxide) to a slight degree for preserving reproductive 
function, but further oxidized products are ineffective. 

Esterification of «-tocopherol ordinarily does not affect the biological activity, 
but etherification almost completely eliminates biopotency. Other derivatives of 
a-tocopherol in which ring methyl groups are substituted or in which the phytyl] side 
chain is modified all show lowered potency. 


OCCURRENCE 


Cereal grain oils contain the highest concentration of tocopherol of any foodstuff 
commonly eaten by animals including humans. Crude cottonseed, corn, and soy- 
bean oils contain 100-200 mg. of tocopherol/100 g. prior to refining. The amount of 
tocopherol left in refined salad oil is dependent upon the severity of the refining process. 

Certain vegetable oils are exceptions to the general rule that such oils are rich in 
tocopherol content. For example, coconut and olive oils are practically devoid of 
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tocopherol. Also, refived corn oil and soybean oil, although they possess a large 
total tocopherol content, have only about 7~10 mg. a-tocopherol/100 g. Most of the 
tocopherols in corn and soybean oils ave the relatively low-potency non-a-tocopherols. 
The y-form predominates in corn; the y- and 6-forms in soybean oil. 

The major portion of the approximately 14 mg. estimated mean daily intake of e- 
tocopherol of the average person in the U.S. is derived from margarine, salad oils, 
and shortening. Other foods supply relatively little of the a-tocopherol ingested, as 
shown in Table IT (11,24). Farm animals receive most of their a-tocopherol from fresh 
grains and alfalfa leaf meal and, of course, fresh grasses if the animals have pasture 
available. Dairy products and meats are poor food sources of tocopherol and also 
highly variable in their conteut of this vitamin. The amount of tocopherol in eggs, 
milk, or beefsteak is dependent upon the amount of a-tocopherol received by the ani- 
mal from which these products were obtained, 

Losses of a-tocopherol during the processing of foods and during cooking have not 
been investigated very extensively. ITowever, high-energy gammy radiation, from 
Co™ for example, during food sterilization does result in considerable a-tocopherol 
destruction. Losses of about 60% in milk on 6 hours’ exposure to 80,000 r./hr. have 
been reported (4). Also, deep-fat cooking of doughnuts and seallops results in 
50-90% deslrnution of e-lLocopherol. 

Flour from wheat and other cereal grains treated with benzoyl peroxide, chlorine 
dioxide, Agene (NCI), and other bleaching and aging chemicals, have been reported to 
suffer significant losses of a-tocopherol (11). 


TABLE IT. Estimate of Mean Per Capita a-Tocopherol Intake Based on U.S.D,A. 





Food consumed 
es — a«-Tocopheral 











Amount, a-Tocopherol conen,, intake, 
Commodity w./day 100 my. /day 
Fats and oils Bal 7,87 
Butiter, lard, ete., 58 g. 0.5-3 
Shortening, margarine, etc., 28g. 7-70 
Grain products 213 03-2 1.78 
Meat, poultry, and Gish 196 0,2-1 0.99 
Potatoes and sweet potatoes L43 0. 1-4: 0.84 
Tigges 58 0.5-1 0.68 
Dairy products 636 0. 1-1 0.58 
Green leafy and yellow vegetables 142 0,.1-0.5 0.50 
Dried peas, beans, and nuts 20 ), 1---+ QO. 4 
Citrus fruits and tomatoes 13L 02-004 0.35 
Other vegetables and fruits 291 0,1-0.5 0.12 
Coffee, tea, ancl encoa 24, 0-2 0.06 
Sugar and sirups 132 0 0.00 





ISOLATION AND SYNTHESIS 
The naturally occurring desfro-tocopherols are produced from vegetable oil 
sources. An important step, technically, is the concentration by molecular distillation 
(6) (see also Distillation, Vol. 5, p. 185). For example, alkali-refined soybean oil 
(see Vol. 12, p. 696), containing 0.19% of a mixture of a-, 7-, and 6-tocopherols, is 
distilled in a centrifugal-type molecular still and the tocopherol fraction, which dis- 
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tills below 240°C. under 0.004 mm. pressure, is collected. After removal of as much 
of the sterols and other erystallizable substances as possible by crystallization from 
acetone at — 10°C. and removal of glycerices by saponification, the tocopherols in the 
unsaponifiable matter are further concentrated by molecular distillation, Thus a 
fraction containing at least 60% mixed tocopherols is obtained (22), 

The four tocopherols have been synthesized in their di-form, and one, di-a-to- 
copherol, is produced commercially by synthesis. Although details of the commercial 
methods have not been published, it is understood that the process follows closely 
the procedures used in the first syntheses of a-tocopherol in 1938. Almost simul- 
taneously, Karrer, Fritzsche, Ringier, and Salomon of Ziirich (12), Bergel, Jacob, Todd, 
and Work of Manchester (1), and Smith, Ungnade, and Prichard of Minnesota (21) 
reported the synthesis of racemic a-tocopherol. According to these authors, tri- 
methylhydroquinone is condensed with phytol (1) (see Vol. 18, p. 757), phyty! halide 
(12), or phytadiene (21). The condensation can be carried out in benzene or similar 
nonreactive solvents in the presence or absence of certain catalysts such as zine chlo- 
ride or formic acid. Acetic acid has also been used successfully as a solvent in this 
synthesis. The reaction used by Karrer ef al. (25) is shown in Scheme 2, 


SCHEME 2 


GH CH 
HO Be SCH CH CH, CH, 4 
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+ I (CHL)sCH (CH,):CH (CH,)sCHCH, 
1,07 OH CN 
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CH, 
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HO Sort 
HC” as ane 
CH; ; 


a-tocopherol 


The di-forms of 8-, y-, and 6-tocopherols can be synthesized by the procedures 
used for the synthesis of di-o-tocopherol. Instead of trimethylhydroquinone the 
appropriate di- or monomethylhydroquinone is used. Thus p-xylohydroquinone 
yields dl-8-tocopherol, o-xylohydroquinone yields dl-y-tocopherol, and toluhydro- 
quinone yields di-é-tocopherol. The yields of these compounds are usually less than 
that obtained in the synthesis of a-tocopherol since the hydroquinones can condense 
with more than one molecule of phytol. An improvement is achieved by the use of 
monoesters, such as the monobenzoates, of the hydroquinones. 

A number of other synthetic procedures have been used for the synthesis of tocol 
homologs and analogs (83). Esters of the tocopherols are readily prepared. T'ypical 
laboratory procedures for the acetate (19a), the succinate (20a), and the phosphate 
(118) have been described. 

Economics. No statistics are available on the production of either the natural 
or the synthetic preparations of vitamin E which are on the market. The changes in 
bulk price of the a-tocophery! acetates from 1944 to 1954 are shown in Table ITI. A 
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price reduction, effeetive in October 1954, resulted in a price of $136 per million units 
for both types or, on a per kilo basis, $185 for the dextro form and $186 for the less 
active di-form. 

















1950-52. 1053 1054 
declro~c-Tocophery! acetate -—- 250 22h 185 
dl-e-Tocophery] acetate LO00 750 350 225 136 





Specifications and standards for various tocopherol preparations intended for 
pharmaceutical use are listed in the proposed monographs (5) for N.F. X (see also 
TableI). They may be labeled iu terms of mg. of deatro- or di-a-tocopherol or a-tocoph- 
eryl acetate, as the cuse may be, or in International Units. 

Label claims for tocopherol preparations when expressed in International Units 
are based on the following equivalents: 


img. dl-e-tocopheryl acetate = 1.0 International Unit 
1 mg. di-e-tocapherol = 1.1 “ “ 
t mg. devtro-a-tocopheryl acetate = 1.36 “ “ 
J mg. dextro-a-tocopherol = 1,49 “ “ 


ASSAY 

Chemical and Physical Methods. The methods of analysis for pure or highly 
concentrated free e-tocopherol preparations are rather simple. Reaction with the 
Emmerte-Eengel reagent (a,«’-dipyridyl (2,2’-bipyridine) and ferric chloride) gives a red 
color from combination of the dipyridy! with the ferrous ious resulting from reduction of 
the ferric ions; this color is directly proportional to the amount of tocopherol present, 
Titration with ceric sulfate is a good alteruative procedure for pure forms, Usiug 
diphenylamine as indicator, a-tocopherol in 0.5 N alcoholic sulfuric acid is titrated 
with 0.01 N ceric sulfate to a blue end point. Spectrophotometric measurement is 
sometimes used, base on the measurement of the specific absorbancy, which is 
proportional to a-tocophere) concentration, 

Analysis of lower-potency concentrates, original vegetable oils, or foods and feeds 
is considerably more difficult. The Emmerie-Engel color reaction is nonspecific. 
Hence many nontocopherol reducing materials soluble in alcohol obtained along with 
the a-tocopherol in the original extract from foods must be removed before the re- 
action is applied. Extranecous reducing materials of this uature including vitamin A 
and carotenoids also interfere in other chemical and physical-chemical methods of analy- 
sis. Molecular distillation, acid washing, hydrogenation, and chromatography may be 
used for making these separations and yielding a concentrate of tocopherols adequately 
purified for colorimetric assay (19). 

If an estimate of “total tocopheral” content is not satisfactory, further analysis 
must be done to obtain the ‘a-tocopherol’ content. Nitrosation (18) or coupling 
with diazotized dianisidine (3,3’-dimethoxybenzidme) (17) permits measurement 
of the non-e-tocopherols. The a-tocopherol content may then be calculated by dif- 
ference. However, a more desirable approach for future study would be a direct 
analysis for a-tocopherol, such as that described by Brown (3), in which paper chroma- 
tography is used to separate the individual tocopherols. a-Tocopherol is eluted from 
a paper chromatogram and measured colorimetrically or spectrophotometrically, 
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Analysis of a tovopherol ester requires an initial hydrolysis before any colorimetric 
analysis is applied. This step is extremely critical because of the sensitivity of tocoph- 
erols to destruction by alkalies. However, if sufficient care is taken to rigorously 
exclude oxygen from the system or to acld an effective antioxidant (23), saponification 
may be conducted without, loss of tocopherol. 

‘The usual bioassay procedure for determining a-tocopherol activity is a modifica- 
tion of the Evans resorption gestation method (1a,7,15). Female rats are raised on a 
vitamin E-free diet and mated with normul males. Conception and the first half of 
pregnancy are normal. However, unless a vitamin E supplement is administered dur- 
ing the first. 10-12 days of pregnancy, the embryos die and are resorbed. The mother 
rat is apparently unharmed and may be used repeatedly. If the dose of a-tocopherol 
administered as a test supplement is above a certain critical amount, pregnancy pro- 
ceeds and terminates normally. The critical dose of a-tocopherol varies somewhat. 
between assays, 0.8-1.0 mg., but the response is an all-or-none type, the young are 
either alive or dead, a criterion which is easily determined. Consequently, the bio- 
assay properly controlled and carefully conducted is accurate and reasonably precise. 

Another bioassay procedure based upon a different physiological response has 
heen described by Rose and Gyérgy (20). Adult rats receiving adequate vitamin E 
in their diet have red blood cells that are resistant to hemolysis induced by chemical 
action of such compounds as alloxan and hydrogen peroxide, Changing the animals 
to a vitamin T-deficient diet for several days causes the red blood cells to become 
susceptible to hemolysis. A satisfactory bioassay constitutes the administration of 
various levels of @-tocopherol (both standard and test substance), either prophylacti- 
cally or curatively, to the rats during the depletion perioct and measurement. of the 
change in degree of red cell hemolysis that results. 


BIOCHEMICAL FUNCTION AND CLINICAL EVALUATION 


The exact mechanism whereby a-tocopherol functions in the body as vitamin E is 
unknown. It undoubtedly acts as au antioxidant controlling reclox reactions in a 
variety of tissues and organs. Also, as indicated by the high specificity of the a- 
tocopherol structure in physiological reactions, this tocopherol may occur as an inte- 
gral part. of an enzyme or function as aco-enzyme. Oxidations catalyzed by hemin, 
hemoglobin, and cytochrome ¢ tn vitro are inhibited by e-tocopherol, and similar con- 
trol may oceur 7n vivo. 

Experiments with vitamin E-deficient animals have shown that a-tocopherol 
plays some role in the maintenance of normal muscle and collagen tissues, of a sound 
vascular system, and of red blood cells resistant to hemolysis, The gross and micro- 
scopic pathology which results in the tissues and organs of various species of vitamin 
E-deficient animals has been described by Mason (29,30). In the very young and very 
old rat, the guinea pig, rabbit, and hamster, hyaline degeneration of the skeletal and 
cardiac muscles is 4 characteristic deficiency symptom and leads to muscular incoorcli- 
nation and eventual death. In rats and chieks, structural or functional changes occur 
in the vascular system during vitamin [Eo deprivation, leading to edema or fatal hemor- 
rhages. The effects of a-tocopherol administration in increasing the resistance of red 
blood cells to chemically induced hemolysis have been reported in rats by Rose and 
Gyérgy (20) and in human infants by Gordon et al. (9) and Gyérgy etal. (10). 

Subnormal reproductive functions in both males and females were some of the 
clinical symptoms first treated with «-tocopheral. Results have been conflicting 
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and further controlled experimental work should be done to define those specific types 
of reproductive trouble for which vitamin FE therapy may be recommended. The 
broad group of diseases of collagen tissue, the so-called collagenoses, have heen treated 
empirically with vitamin EH. The results indicate that a-tocopherol treatment does 
have value aud brings relief in such conditions as lupus erythematosus, primary fi- 
brositis, Dupuytren’s contracture, and Peyronic’s disease. The value of a-tocopherol 
administration to patieuts with cardiovascular discases is still a matter of clinical 
controversy. Proponents have reported that all cardiovascular syndromes are cured 
by vitamin E if proper doses are given. ‘The underlying abnormality which is rectified 
by a-tocopherol seems to be localized tissue anoxia due to vascular stasis or decreased 
oxygen-carrying capacity of the blood. a-Tocopherol somehow enables oxygen to be 
more efficiently utilized in vivo. The concept of the effect of a-tocopherol on vascular- 
ity receives some experimental support from clinical stuclies that show that it relieves 
menopausal tension (13) and the pain of intermittent claudication (2). 

In pediatrics, some consideration is being given to the possible need of newborn 
infants for e-tocopherol supplementation. Infants, particularly prematures, are 
poorly supplied with vitamin E because the placenta acts as a barrier preventing the 
passage of a-tocopherol from the mother to the fetus. Conversely, early milk is very 
rich in tocopherol content, apparently designed to supply infants relatively large 
amounts of vitamin E early in life. Artificial feeding with formulas based on cows’ 
milk supplies very little a-tocopherol, but such infant feeding preparations could be 
fortified with vitamin E up to the level in human milk. Also, in pediatric practice, 
therapeutic-sized doses of a-tocopherol! have been used to treat symptoms character- 
ized by edema and capillary hemorrhage, and to increase the relatively low resistance 
of infants’ red blood cells against hemolysis. 

a-Tocopherol administered orally in massive doses is well tolerated, and no symp- 
toms of toxicity have becn reported. Mice fed as much as 40 g. a-tocopherol per ke, 
body weight and rats 4 g. per kg. for several weeks showed no deleterious effeets (4). 
Parenteral administration of «-tocopherol as an vil concentrate or in ethyl laurate, or 
as the phosphate ester, is not recommended. Local reactions at the site of injection 
are common, and utilization of the injected tocopherol is very pour, 


USES 


The use of a-tocopherol and «-tocopherol esters in multivitamin and therapeutic- 
type capsules takes most of the commercially produced vitamin E. Tocopheryl acid 
succinate is also used in the formulation of multivitamin tablets and dry-fill capsules. 
Tocopheryl phosphate and a-tocopherol dispersed in aqueous media find some use as 
injectable preparations. Also, specialty items such as vitamin T-containing oint- 
ments, salves, and suppositories provide other outlets for a-tocopherol in the pharma- 
ceutical field. Doses as prescribed by physicians for human use range from a few 
milligrams for dietary supplementation to 500-1000 mg. for certain therapeutic 
applications. 

A granular preparation of a-tocophcryl acetate containing about 20,000 I.U. per 
pound is used in poultry feeds. This same type of preparation is used to some ex- 
tent for fortifying rations of fur-bearing animals, for calf and lamb supplements, pig 
concentrates, and turkey laying mashes, The vitamin Ei naturally present in feed- 
stuffs is relatively unstable in stored, mixed feeds. In order to replace tocopherol that 
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might have been destroyed, stable a-tocophery] acetate is added at levels ranging from 
5 to 40 grams per ton of feed. 

a-Tocopherol as an antioxidant (see Vol. 6, pp. 839-40) has been used to some ex- 
tent by food technologists and by pharmaceutical formulators, It is particularly 
effective in essential oils, rendered animal fats, and mineral oil. In pharmaceutical 
preparations, a-tocopherol stabilizes other vitamins, especially vitamin A, during 
shelf-life and also in the gastrointestinal tract. After absorption it is deposited in all 
tissues and organs of the body. Tocopherol is unique among fat-soluble antioxidants 
because it is absorbed and deposited in body tissues. In contrast, other antioxidants 
are destroyed or exercted, 
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Pure . Harris anp Norris D. Kuper 


VITAMIN K 


The term “ Koagulationsvitamin,” from which the name “vitamin IX” was cle- 
rived, was proposed by Dam in 1935 for a fat-soluble dictary factor that had been. 
shown to be essential for the coagulation of blood in the chick. Subsequent work re- 
vealed the existence of two natural products having vitamin K activity. Vitamin IX; 
is the designation for 2-methyl-3~phyty]-1,4-naphthoquinone (1), the active principle 
isolated from the green leafy tissues of alfalfa, which occurs also in all other green 
leaves. Vitamin Ky, which is obtained from putrefied fish meal and which ean be 
found in most bacteria, is the 3-difarnesyl derivative of 2-methyl-!,4-naphthoquinone 
(IT). 


O 
CHa 
og CH, CH, CHO, 
CH,CH=C (CH); CH (CH:);CH(CH,);CHCH; 
6) 
(1) Vitamin IX, (phytonadione) 
O 6) 
J cH: an. CH: 
ony en ae 
~ CH, (CII=CCHLCIL,),CH==C (CH,), ~ 1 
0 0 
(2) Vitamin Kk, (IHL) 2-MethyL-1,4- 


napthoquinone (menadione, 
vitamin K;) 


Today the term ‘vitamin K” is used somewhat loosely in referring to 2-methyl- 
1,4-naphthoquinone (menadione) (III) and a number of chemically related compounds 
that are effective against the hemorrhagic syndrome (see also Quinones, Vol. 11, p. 419). 

Vitamin Ky (commercially available also as a stable emulsion) and menadione, 
as well as the water-soluble salts menadione sodium bisulfite and the tetrayodium salt 
of dihydromenadione diphosphate, are commercially important compounds possessing 
vitamin K activity. 
The existence of a vitamin deficiency as a cause of hemorrhage was first suspected 
in 1929. Dam in the course of study of the metabolism of cholesterol observed that 
chicks that had been kept on a diet devoid of ether-soluble components developed 
hemorrhages. McFarlane and his collaborators in 1931 more definitely established 
the existence of a factor by determining that chicks maintained on fish meal extracted 
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with ether developed a distinet hemorrhagic tendency which could be cured by feeding 
unextracted fish meal. In 1936 Schgnheyder proposed that the hemorrhagic syndrome 
resulted from hypoprothrombinemia. The work of Dam and Quick supported this 
hypothesis. ; 
Vitamin K, 
PHYSICAL AND CHEMICAL PROPERTIES 

Vitamin K, (phytonadione, U.8.P. XV, N.N.R., phylloquinone) (1), Carex, 
formula weight 450.68, is a mobile yellow oil. It can be crystallized from acetone 
or ethyl alcohol as yellow rosettes melting at obout —20°C. The vitamin is in- 
soluble in water, sparingly soluble in methanol or ethyl alcohol, but it dissolves 
readily in petroleum ether, benzene, ether, dioxane, chloroform, acetone, and in other 
fat solvents as well as in vegetable oils. Vitamin KX,, a quinone, is neutral and is 
stable to air and moisture; thus an cthereal solution of the vitamin can be con- 
centrated to dryness without decomposition at atmospheric pressure on a steam 
bath, and the vitamin can be distilled without significant decomposition at pressures 
= 0.001 mm. However, vitamin Ky is highly sensitive to ultraviolet radiation 
and even to diffuse daylight, although hght raciations between 400 and 800 mg 
have no appreciable effect (24). The optical rotation ({@]§ about —0.4° (benzene)) 
has been determined on a synthetic sample prepared from natural phytol. The 
oxidation-reduction potential in 80% alcoholic solution 0.02 N in acetic acid and 
0.02 N in sodium acetate, is 0,005 v. (25°C.) (50); B* (95% aleohol, 0.2 N in hydro- 
chlorie acid and 0.02 N in lithium chloride) is 0.363 yv. (20°C.) (71); and the half- 
wave potential for reduction at the dropping mercury electrode (isopropyl alcohol and 
0.1 N aqneous potassium chloride) is —0.58 v. (48). The ultraviolet absorption 
spectrum of vitamin K, has been reported both in hydrocarbon solvents and in meth- 
anolic solution (24,44,47). In such solvents as hexane or isooctane (2,2,4-trimethyl- 
pentane) vitamin K, has a well resolved absorption spectrum with maxima (44,47) 
at 248-244 my (log ¢ 4.25-4.27), 248-249 my (4.28), 261-263 mp (4.24), 270 my (4.24), 
and 325-328 my (3.49-3.50). An additional maximum at 239 my has been reported 
(24). 

The infrared absorption spectrum of racemic vitamin K, has been published (47). 
When chromatographed in a 75% (v./v.) aqueous ethyl alcohol solution ou Whatman 
No. 1 filter paper impregnated with silicone, vitamin K, had Ry = 0.20 (42). 

Dilute acids do not affect the vitamin, but alkali readily decomposes it. The 
reaction of the quinone with alcoholic alkali is the basis of the Dam-Karrer color re- 
action involving a slow development of a violet -blue coloration which gradually changes 
into a dull red (26). A small amount of phthiocol (2-hydroxy-3-methyl-1 ,4-naphtho- 
quinone) is formed in this reaction. 

Vitamin K, can he reduced to the naphthohydroquinone dzhydrovitamin K, (TV), 
both by catalytic hydrogenation (47,52) using deactivated palladium catalyst and by 
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sodium hydrosulfite, NasS.0,4 (26). ‘The reduction product is a waxy solid insoluble in 
petroleum ether. It is of considerable importance in the isolation and the purification 
of the vitamin, since in an ethereal solution it can be reoxidized smoothly to the quinone 
by shaking with air (8) or, more conveniently, with silver oxide in the presence of mag- 
nesium sulfate, Reductive acetylation of vitamin K, affords the colorless crystalline 
dihydrovitamin diacetate, m.p. 62-63°C. (54). Upon refluxing vitamin IG, in acetic 
acid with stannous chloride and concentrated hydrochloric acid or with zine and sul- 
furic acid, the naphthotocopherol (V) is formed (85). This compound can also be 
obtained from the dihydrovitamin on boiling in acetic acid containing sulfuric acid. 
Hydrogenation of vitamin K, with Raney nickel in methanol gives 2-methyl-3-8,7- 
dihydrophytyl-1,4-naphthohydroquinone ((IV), with a saturated side chain). Finally, 
reduction of vitamin K, in acctic acid in the presence of platinum results in complete 
hydrogenation to 2-methyl-3-¢, y-dihydrophyty1-5,6,7,8-tetrahy dro-1,4-naphthohydro- 
quinone (50). 


0 CH, CH; CH; 


| | | 
CH; (CH:2)3; CH(CH:);sCH(CH:); CHCHs 
(V) Naphthotocopherol derived from dihydrovitamin Ky 


Oxidation of vitamin K; with hydrogen peroxide in an alkaline medium yields the 
2,3-epoxide (vitamin IC oxide—see p. 863). Three oxidative degradations reported 
by Doisy and his collaborators contributed a great deal to the elucidation of the struc- 
ture of vitamin Kj. Mild chromic acid oxidation of vitamin K, yields 2-methy]-1,4- 
naphthoquinone-3-acetic acid, whereas the use of excess chromic acid yields phthalic 
acid. Ozonolysis of the diacetate of 2-methyl-3-phytyl-1,4-naphthohydroguinone 
(IV) yields6,10,14-trimethy]-2-pentadecanone and 1,4-diacetoxy-2-methylnaphthalene- 
8-acetaldehyde, The reactions that have established the structure of vitamin Ky 
have been reviewed in detail (1,21,27,72). 


ISOLATION 

The early work on the purification of vitamin Ki was conducted by Almquist 
andby Dam. In 1939 Dam, Karrer, et al. reported the isolation of vitamin K, in what 
proved to be pure or approximately pure form. Doisy and co-workers independently 
isolated the pure vitamin in the same year. The vitamin or the dihydrovitamin di- 
acetate can be extracted from alfalfa or other natural sources by petroleum ether or 
acetone, The pure vitamin can be obtained from the extracts by application of chro- 
matographic adsorption and fractional distillation techniques and by selective crystal- 
lization of impurities (1,9,19,46,50,70). Almquist and Klose reported the isolation of 
vitamin K; as a choleic acid complex, from which the vitamin could be liberated (2). 
Fieser introduced a greatly simplified procedure (26) in which the vitamin is first con- 
verted into the dihydro derivative (IV). The latter, being less soluble in petroleum 
ether than the vitamin or substances that ordinarily accompany it in natural concen- 
trates, can be made to separate from this solvent as a colorless, waxy solid. It is also 
possible to effect isolation of the dihydrovitamin, which is a weakly acidie compound, 
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by extraction with Claisen’s methanolic alkali solution; on diluting the alkaline ex- 
tracts with water in the presence of ether, the dihydrovitamin passes into the ether 
phase. A preliminary announcement of reversed-phase partition chromatography on 
filter paper has appeared recently (42). 


SYNTHESIS 


Five independent syntheses of vitamin K, were reported in 1939, all making use of 
phytol, CoHs,OH (V1) (see Vol. 13, p. 757), or its derivatives as phytylating agents for 
2-methylnaphthoquinone or 2-methylnaphthohydroquinone. (1) Almquist and Klose 
(2): Phytyl bromide was refluxed with 2-methy1-1,4uaphthoquinone in petroleum ether 
in the presence of glacial acetic acid and zine dust in the dark. The product was puri- 
fied by fractional distillation and low-temperature crystallization. (2) Doisy and 
collaborators (55): Phytyl bromide was condensed with the monosodium salt of 2- 
methyl-1,4-naphthohydroquinone. After oxidation the vitamin was freed of im- 
purities essentially by the procedure employed in the isolation of the natural material. 
(3) Isler (95): 2-Methyl-1,4-naphthohydroquinone was treated with the acetate of 
phytol in ether-benzene solution using zinc chloride as catalyst. The product, for- 
mulated as the 4-monoacetate of 2-methyl-3-phytyl-1,4-naphthohydroquinone, was 
purified by fractional distillation. (4) Lee (93): The alkylation of 2-methyl-1,4- 
naphthohydroquinone was carried out with phytyl bromide in acetone solution in the 
presence of potassium carbonate. Removal of unchanged starting material was 
followed by oxidation and further purification by chromatography and distillation. 
(6) Fieser (26): This method proved to be the most practical of the early syntheses of 
vitamin It). 

The Fieser synthesis involves the condensation of phytol (VI) with 2-methy]-1,4- 
naphthohydroquinone (VII) in dioxane solution in the presence of acid, preferably 
oxalic acid, at 75°C. for 36 hours, Unchanged 2-methyl-],4-naphthohydroquinone is 
removed by extraction with dilute alkali. The reaction product, dihydrovitamin I, 
which is insoluble in this reagent, is purified by precipitation from petroleum ether or 
extraction into Claisen’s alkali and is then oxidized to vitamin IK, in an overall yield 
of 29% (based on phytol). (See Scheme 1.) By-products include phytadiene, 
CH:=CHC(CH,;)=CH(CH.)2CH (CH) (CH,),CH (CH;)(CH:);CH(CHs)2, and 2- 
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methyl-2-phyty1-2,3-dihydro-!,4-naphthoquinone (85). The latier compound has 
been converted into vitamin IK, (85). 

Other synthetic approaches to vitamin Ik, have been described, but the Fieser 
synthesis has remained the most useful for some fifteen years. More recently it has 
been shown that boron trifluoride etherate (44,47) and potassium acid sulfate (44) are 
far more efficient catalysts for the condensation reaction than tho acids hitherto em- 
ployed. It has also heen shown that ethers and esters of phytol (44,47,95), as well as 
isophytol, CH2==CHC(CH;) (OH) (CTy);CH(CHs)(CH2)sC H(CUs) (CH2);CH (CH ,)2, or 
its derivatives (47), can be employed as phytylatingagents, (Theboron trifluoride-cata- 
lyzed reaction has been employed for the preparation of C'-labeled vitamin KX, (43).) 
The most efficient synthesis reported to date (G6% yield) is that of Hirschmanu, Miller, 
and Wendler (44) in which the 1-monoacetate of 2-methyl-1 4-naphthohydroquinone 
(98) is allowed to react with phytol in the presence of potassium acid sulfate or boron 
trifluoride etherate (but not oxalic acid) as catalyst. The unchanged starting material 
can be removed by filtration after precipitation with petroleim ether. The condensa- 
tion product, 2-methy]-3-phytyl-1,4-naphthohydrocuinone 1-monoacetate, which— 
unlike ([V)-—-1s soluble in petroleum ether, can be extracted into Claisen’s alkali. This 
aperation not only accomplishes separation of the dihydrovitamin from neutral im- 
purities but also effects hydrolysis of the ester function at position L. 


ASSAY (29) 


Volumetric Analysis. Vitamin Ki and related quinones (#y) = about 0.5 v.) can be 
quantitatively determined by catalytic (Raney nickel) hydrogenation of. the vitamin 
in the presence of phenogafranine as indicator, followed by reoxidation with a standard- 
ized solution of 2,6-dichlorophenol-indophenol, which serves also as indicator for the 
titration (86). 

Colorimeiry. In a colorimetric modification of the above method the dihydro- 
vitamin is treated with an excess of the indopheuol; the decrease in color intensity due 
to the reduction of the dye by the hydroquinone is a measure of the amount of quinone 
originally present (80). The influence upon the test of certain extraneous reducing 
substances such as tocopherylhydroquinones has also been studied (81). Vitamin K, 
and menadione can also he determined by converting the quinones to derivatives for- 
mulated as phenylazonaphthols and measuring the color developed upon the addition 
of sulfuric or phosphoric acid (41). When a solution of sodium V,N-diethyldithio- 
carbamate and sodium ethoxide is added to vitamin K, or other 2,3-dialkylated 1,4- 
naphthoquinones, the deep blue color produced can be measured (45). The method 
has also heen applied to menadione, which develops a pink color with the reagent. 

Ultraviolet Spectroscopy. See p. 859. 

Polarography. Vitamin K, in aqueous isopropyl alcohol containing potassium 
chloride shows a sharply defined wave at —0.58 v. (43). 

Biological Methods (1,7,20,69,82,90). Various biological assay methods involving 
both curative and preventive procedures have becn described. In general, two funda- 
mental methods are commonly employed: (1) measurement of the clotting time of 
whole blood and (2) measurement of the “prothrombin time.” The former method 
is less precise since the clotting power of whole blood depends on factors other than the 
prothrombin titer, Since the basic defect: in vitamin K deficiency is a reduced pro- 
thrombin level (see p, 868), a better assay for vitamin K results if the prothrombin 
level is the sole variable in the assay. Several procedures have been designed +0 ap- 
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proximate this condition: (a) A one-stage method developed by Quick and modified 
by several investigators involves the addition to the plasma of thromboplastin and 
then of a caleium chloride solution. The time required, wider carefully standardized 
conditions, for a firm clot to form is measured. (6) In the “two-stage” determination 
the fibrinogen is removed as fibrin by the addition of thrombin to the plasma. The 
remaining fluid contains the prothrombin, which is converted into thrombin with the 
aid of optimal amounts of calcium ions and an excess of a thromboplastic substance. 
The time required by the thrombin thus formed to cause clotting of a standardized 
fibrinogen solution is a measure of the amount of thrombin present. This thrombin 
level, in turn, is a function of the amount of prothrombin initially present. 


Vitamin K, 


Vitamin K, (IT) was isolated from putrefying fish meal by Doisy and his collaho- 
rators by means similar to those used for the isolation of vitamin Ki. The same com- 
pound was isolated by Tishler and Sampson from autolyzed cells of Bacillus brevis. 
Vitamin I<; is a pale yellow crystalline solid, m.p. 53.5-54.5°C., AAmax, 2438 mu (log 
e 4.20), 249 my (4.24), 260 mp (4.18), 270 my (4.18), and 325 my (3.45) (hexane) 
(25,62). It resembles vitamin Ki in many of its physical and chemical properties, but 
vitamin Ke is more unsaturated owing to the difarnesyl rather than the phytyl sub- 
stituent in the 3-position (10). Vitamin It, gives an intense blue color in alcoholic 
sodium ethoxide solution. The chemistry of this commercially unimportant vitamin 
has been summarized (1,21). 


Vitamin K, Oxide 


Vitamin Ky oxide (VIID, Cu HaOs, is 2 nearly colorless oil, AAmax. 259 mu (log ¢ 
3.79), 305 mu (3.31) (95% aleohol) (85). The oxide does not respond to the Dam- 
Karrer test, but on warming with alcoholic alkali it gives a red coloration. It has the 
advantage over the natural vitamins of being much more stable to light and heat while 
still possessing antihemorrhagic activity of the same high order. 
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(VI11) Vitamin Ky, oxide 


The oxide has been prepared from vitamin K, (85) by treatment with hydrogen 
peroxide and aqueous sodium carbonate at 75°C. in 82% yield. Shaking a methanolic 
solution of the oxide with hydrosulfite effects smooth conversion to dihydrovitamin IK, 
even at room temperature. 


2-Methyl-1,4-naphthoquinone (Menadione) 


Of many simple modifications of the vitamin IX; molecule tested for biological 
activity only 2-methyl-1,4-naphthoquinone proved more active than the natural vita- 
min on a weight basis by the chick assay test (4) (see p. 868). 
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PHYSICAL AND CHEMICAL PROPERTIES 


2-Methyl-1,4-naphthoquinone (menadione, U.S.P. XV, N.N.R., menaphthone, 
vitamin K,) (TID, CrulsO., is a crystalline solid, m.p. 105-L06°C. It is soluble in 
benzene and in ether, somewhat less soluble in glacial acctic acid, and only sparingly 
soluble in ligroin. The solubility in 95% alcohol is reported to be 17 mg./ml. and in 
sesame oil 13 mg./ml. While the compound is only slightly soluble in water, it 
dissolves readily in an aqueous solution of sodium dehydrocholate. Menadione is 
sensitive to heat. The action of light produces a colorless compound formulated as the 
dimer (IX). The oxidation potential, My, of menadione in 70% alcohol, 0.2 N in 
hydrochloric acid and 0.2 N in lithium chloride, is 0.408 v. (25°C.) (82). In 50% 
alcohol, 0.1 W in hydrochloric acid and 0.2 N in lithium chloride, & is 0.422 v. (25°C.) 
(58,89). In a polarographic reduction in 75% alcoholic acetate buffer (pH 6.24) 
menadione gives a step at —0.17 v. (66,77). In the ultraviolet spectrum vitamin IX; 
exhibits maxima at 244 mu (log ¢ 4.30), 253 my (4.29-4.31), 263-264 my (4.22), and 
334 my (8.4-3.5) (hexane (25) or isooctane (5)). A value of 4.30 for log ¢ at 203 mu 
has been reported (62). In alcoholic solution or in alcohol containing chloroform (44) 
the maxima are at 245 my (log ¢ 4.26), 250 my (4.28), 262 mu, (4.18), and 330 mz 
(3.4) (5). The infrared spectrum of menadione has heen reported by Rosenkrantz 


(73). 





Menadione resembles vitamin I; in some of its chemical properties, On warming 
with a 0.5% solution of sodium hyclroxice in contact with air on a waterbath or by 
treatment with alcoholic alkali it is converted into phthiocol. Menadione can be oxi- 
dized with dilute nitric acid to phthalic acid. Reduction of the quinone to the naph- 
thohydroquinone can be effected by the same methods as for vitamin It; and by addi- 
tional procedures that would reduce the phytyl double bond in vitamin K;, or cyclize 
the dihydrovitamin (IV+V). Thus menadione can be subjected to catalytic hydro- 
genation with platinum (until one mole of hydrogen has been taken up) or with a 
palladium catalyst (in ethereal or methanolic solution) or to reduction in acid solution 
by a variety of methods. The resulting 2-methyl-1,4-naphthohydroquinone (menadiol) 
is readily soluble in dilute aqueous alkali solution which should contain sodium hydro- 
sulfite as an antioxidant. The free phenol can be recovered from the alkaline liquor 
by acidification with acetic acid followed by ether extraction, A number of diesters 
including 2-methyl-1,4-naphthohydroquinone diacetate (acetomenaphthone, B.P.C., 
vitamin K,) have been prepared from menadione by reductive acylation procedures. 
Complete hydrogenation of menadione in acetic acid in the presence of a platinum cat- 
alyst yields 2~methy]-5,6,7,8-tetrahydro-1,4-naphthohydroquinone. 

Tt is well known that simple quinones such as naphthoquinone undergo 1,4- 
addition reactions with reagents of the type HX (see Vol. 11, p. 416). The 2-methyl 
group of menadione exerts a distinct retarding effect on the introduction of substitu- 
ents at the 3-position by way of 1,4-addition reactions (56). Menadione in its re- 
activity toward HX reactants is, therefore, intermediate between naphthoquinone and 
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vitamin Ki. Methylamine, for example, reacts with menadione to give 2-methyl-3- 
methylamino-1,4-naphthoquinone but no 1,4-addition reaction occurs with aniline (88). 
The red color developed from treatment of menadione with aniline (29) is, however, the 
basis of an analytical method (58) for the determination of menadione. An analogous 
1,4-addition occurs with azide in aqueous alcohol (39) but not in dilute acetic acid (84). 
Sulfhydry] (mercapto) compounds add rapidly to methylnaphthoquinone. Another 
example of 1,4-addition is the preparation of 2-methyl-3-bromonaphthoquinone 
from methylnaphthoquinone on treatment with acetic acid saturated with hydrogen 
bromide, followed by the action of nitric acid. Menadione reacts (61) readily in 
aqueous solution with sodium bisulfite and other bisulfite salts to form two series of 
isomeric addition compounds: salis -of 2-methy]l-2,3-dihydro-1 ,4-napthoquinone-2- 
sulfonic acid (X), having high antihemorrhagic activity (18), and salts of 2-methyl- 
1,4-naphthohydroquinone-8-sulfonie acid (XT), having only little activity (6). 
Grignard reagents react with menadione to give products of 1,4- and 1,2-addition (17). 


0 OH 0 

| ‘ SO,Na ne 
0 OH © CH; 
(X) (X1) (XT) 


Menadione can react also by direct addition to the quinonoid ethylenic linkage 
which is not shared with the aromatic ring. This type of addition is exemplified by 
Diels-Alder reactions with conjugated dienes and by the formation of the 2,3-epoxide or 
of the corresponding dihalides. The dibromide on dehydrohalogenation gives 2-methyl- 
3-bromo-1,4-naphthoquinone. Addition reactions occur also with unsaturated nitrogen 
compounds. Thus diazomethane yields (XII) in addition to 2,3-dimethyl-1,4- 
naphthoquinone and bis(8-methyl-1 ,4-naphthoquinon-2-yl) methane. 

Typical reactions of menadione with carbonyl reagents are referred to under 
“Assay.” Fora discussion of quinone substitution reactions, see Vol, 11, p. 415. 


SYNTHESIS 

In 1924 Vesely and Kapps deseribed a simple procedure for the preparation of 
2-methyl-1,4-naphthoquinone from 2-methylnaphthalene by chromic anhydride oxida- 
tion in acetic acid solution (88). Several modifications of this important method have 
been employed, The highest yields reported are 25-40% (84), 87-39% (96), 38-42% 
(28), 45% (87), and 50-60% (92), Sah (76) synthesized menadione from pentosans 
and from hexosans via 2-methylnaphthalene by a series of transformations that can be 
utilized to incorporate C™ into the benzenoid ring. Other reagents for oxidizing the 
methylnuaphthalenc to menadione include hydrogen peroxide in acetic acid (380% 
yield), chromic oxide, and sodium dichromate ~ sulfuric acid (85% yield) (sec also ref. 
103), 

Menadione has also been prepared from derivatives of 2-methylnaphthalene con- 
taining hydroxy, alkoxy, or amino groups in positions 1 and/or 4. Thus 2-methyl-1,4- 
naphthohydroquinone is oxidized to the quinone by reagents such as chromic anhydride 
in acetic acid, ferric chloride or nitric acid in acetic acid, or by heating with p-nitroso- 
dimethylaniline in boiling alcohol. (The last-named oxidizing agent may also be 
employed to convert 2-methyl]-2,3-dilrydro-1,4-naphthoquinone to menadione.) Mena~ 
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dione has further been prepared by adding an excess of hydragen peroxide to 2- 
methyl-1-aminonaphthalene sulfate in boiling acetic acid (88) (81% yield); by treating 
2-methyl-1,4-diaminonaphthalene hydrochloride in acetic acid solution with ferric 
chloride (88); by oxidizing 2-methyl-4-chloro-1-naphthol in acetic acid solution with 
ferric chloride (nearly quantitative yield) or-—less smoothly—-with hydrogen peroxide 
or nitric acid (88). Other routes to menadione include the oxidation of 2-methyl-4- 
amino-1-naphthol and its 3-methyl isomer; of 3-inethyl-l-naphthol; and of the 1,4-di- 
methyl ether of 2-methyl-1 A-naphthohydroquinone. The conversion of 2-alkyl-3- 
earbethoxy-1,4-naphthohydroquinones to the corresponding 2-alkyl-1,4-naphthoqui- 
nones has been described. 

Another synthesis of menadione involves the Diels-Alder condensation of buta- 
diene with p-toluquinone CX VT) (80,31,37,85) to give (XIIT), which is isomerized to the 
5,8-dihydronaphthalene derivative (XTV) in good overall yield. Alternatively, CXTV) 
can be obtained directly wheu the condensation is carried out in nitrobenzene or in 
acetic acid solution. Oxidation of (XIV) with chromic anhydride gives a 58% yield 
of menadione, or with silver oxide followed hy lead tetraacetate a moderate yield. Gee 
Scheme 2.) 
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A different Diels-Alder syuthesis from p-toluquinone (XVI) gives a 75% overall 
yield of menadione (40) (see Scheme 3). Diels-Alder reactions are algo involved in the 
conversion of 5-methyl-2-acetoxy-p-henzoquinone to menadione (see Vol, 11, p. 415), 
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Finally, menadione can be prepared from its 4-oxime by a variety of methods, 
The oxime is available in good yield from the condensation of 2-methyl-1-naphthol 
with isoamy] nitrite. 
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ASSAY 

Volumetric Analysts. Menadione can be titrated with titanous chloride using 
potassium indigodisulfonate as indicator (67). Tt can be determined by reduction to 
the hydroquinone followed by titration of the latter with cerie sulfate in the presence 
of +’-ethoxychrysoidine (79). Tn a similar procedure o-phenanthroline serves as indi- 
eator (74). Menadione can also be reduced with potassium todide in alcoholic solution 
in the presence of hydrochloric acid and the liberated iodine titrated (91). Another 
procedure involves treatment of menadione with an excess of bromine and back-titra- 
tiou of the unchanged bromine (74). 

Colorimetry. In 1941 Novelli (64) reported a method that involves treating the 
quinone with 2,4-dinitrophenylhydrazine and measuring the green color that develops 
wheu the derivative is treated with ammonia. Several modifications of Novelli’s 
method have been described. Another procedurefor quinones having ‘‘a labile hydrogen 
or halogen atom adjacent to the carbonyl group” is based on the intense bluish-violet 
color that develops after the addition of 2-3 drops of ethyl eyanoacctate and alcoholic 
ammonia water (16,51,67). Treatment of a methanolic solution of menadione with 
sodium hydroxide and dichlorophenol-indophcnol procuces a green color that can be ex- 
tracted with amyl alcohol and determined colorimetrically (11). A less sensitive 
method than these involves measurement of the color developed on treatment of mena~ 
dione with sodium alkoxide (1(,14). In one modification menadione or methyl- 
naphthohydroquinone diacetate is used in oil solution (15) and in another the diacetate 
_ in methylacetamide gives a red color on addition of sodium hydroxide (8). The time 
from the addition of the alkali to the appearance of a red color is an inverse function of 
the concentration of the diacetate present (8). A rapid colorimetric determination of 
menadione in alcoholic, aqueous, or ether-aleoholic solution or in plasma or urine 
consists in the development of a yellow color when cysteme and sodium hydroxide are 
added to a solution of menadione (80). The red color reaction with aniline is also 
useful (see p. 865). 

Ultromolet Spectroscopy. Seep. &l-l. 

Fluorometry, According to Kofler (51) menadione forms a fluorescent compound 
by condensation with o-phenylenediamine. The bhie fluorescence of an aleoholic 
solution of this compound is so intense that i, can be deteeted in very dilute solutions. 

Gravimetric Analysts. The precipitate obtained with 2,-dinitrophenylhydrazine 
ean he determined. 


TABLE IL. Total Production and Sales of Vitamin K. 














Sales 
Year Production, Lh, Quantity, lh.* Value, $ Unit value /ib., 8 

1941-48 ao — 7,000 53.89 
1944 400 200 23,500 117.50 
1945 400 700 73,400 104.86 
19-16 400 200 50, 900 264.50 
1947 1100 1200 87,400 72.83 
1948 _ —_ — __ 

1949 800) 60 17,000 289.83 
1950 _ — —_ —_ 

1951 1900 650 25,000 38.22 
1952 1000 890 19,000 49.31 
1953 1000 1000 21,000 28.18 





* Recalculated in pounds by dividing value for total sales by unit value. 
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Economic Aspects 


The production and sales of all types of vitamin KX, as given by the U.S. Tariff 
Commission, are presented in Table I. 


Biological Action and Uses 


Vitamin K is required for the synthesis of prothrombin in the liver. (See refs. 
65 and 68 for a discussion of the vitamin K requirements in animals and in man.) 
For the purpose of this discussion the role of the prothrombin in the blood-clotting 
mechanism may he presented thus (see also ref. 57): 


. rea 7 Hy . 
prothrombin Ott thromboplastin dhrombin 





fibrinogen thrombin fibrin 


A deficiency of vitamin K in the dict or interference with its absorption causes « lowered 
prothrombin content in the blood (hypoprothrombinemia), which in turn gives rise to 
the hemorrhagic syndrome. Inadequate absorption of the vitamin may be duc to the 
absence of bile in the intestine as, for example, in cases of obstructive jaundice and 
biliary fistula. In all instances involving a lack of bile secretion into the intestine, the 
use of compounds with vitamin K activity is advisable. Surgery in such cases would 
present great hazards unless the hemorrhagic tendency had been diminished by the 
prior administration of vitamin K. Compounds with vitamin K activity may he ad- 
ministered parenterally in aqueous medium (see p. 870) or orally using bile salts if nec- 
essary. In combination with vitamin C (ascorbic acid), vitamin K is recommended 
for preventing post-operative hemorrhage, as after tonsillectomy, and for promoting 
healing of wounds. 

Another important use has been the prevention of hemorrhage in the newborn 
infant. The intestinal tract of the newborn is sterile so that the bacterial synthesis of 
the vitamin normally occurring there does not take place. The adininistration of 
vitamin K to the mother during labor or to the infant after delivery prevents hemor- 
rhages in the child. 

Vitamin K therapy can also raise the prothrombin level which has becn lowered as 
a result of the use of certain drugs such as sulfonamides and salicylates, and of anti- 
coagulants such as 2-phenyl-1,3-indandione (phenindione, N.N.R.), Cumopyran 
(cyclocumarol, N.N.R., 3,4-dibydro-2-methoxy-2-methyl-4-phenyl-24 ,5A-pyrano [8,2- 
e][L]benzopyran-5-one), or those of the type of Dicoumarol (bishydroxycoumarin, 
US.P. XIV, N.N.R., 3,3’-methylenebis(4-hydroxycoumarin)—see Vol. 4, p. 593). 
Since there is no satisfactory method for predicting the requisite dosage of anticoagu- 
lants, a dangerously low prothrombin activity may result. Vitamin K; may be effec- 
tively and safely given to counteract the excesses of anticoagulant therapy. 

Chemical Structure and Vitamin K, Activity. Effectiveness against Hypopro- 
thrombinemia Caused, for example, by Dietary Deficiency and Inadequate Absorption 
from the Intestinal Tract. Many simple modifications of the vitamin K, molecule have 
shown antihemorrhagic activity in chicks but, except for menadione, the activity of 
these compounds has been of a lower order than that of the natural vitamins and of 
vitamin K, oxide. Bioassays were reported by Fieser, Tishler, and Sampson (36) 
for 79 compounds on a weight basis and summarized in part by Fieser (29) in a chart 
(Fig. 1), Menadione possesses about three times the activity of vitamin K, when 
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measured on a weight basis (4,36) but approximately the same activity on a molecular 
basis. However, in rate tests with vitamin K-deficient chicks, vitamin K, raises the 
prothrombin level considerably faster, particularly during the first hour after adminis- 
tration of the drag, than menadione or the tetrasodium salt of the diphosphate ad- 
ministered in equimolar dosages (15), 

Effectiveness against Hypoprothrombinemia Caused by Anticoagulants and Certain 
Other Drvgs. Vitamin K, and its oxide, but not menadione and its water-soluble 
derivatives, proved effective in the treatment of hypoprothrombinemia induced in 
dogs and rats by 2-sulfanilamidoquinoxaline (sulfaquinoxaline) (63). Similarly vita- 
min Ky but not menadione and its water-soluble forms could be relied on to overcome 






Addition of CH; Addition of 2 I atoms Removal of CH, groups 
Complete loss 8-fold loss 3—9-fold loss 
0 CH, CH GH CH 


| 
CH2CH=CCIICH,CH, ucH.CH,CH, dacu, CII,CH, duce, 


NN 


4—125-fold loss 50- NV 1000- NN 25-fold and d-fuld \ 
Hydrogenation Removal of CH; Change to CH,CH, Shortening of chain 


Fig. 1. Specificity of the vitamin K, structure. Loss in activity attending alterations in the vitamin 
K, molecule (29). 


the effects of excessive anticoagulant therapy in man (18,22,49,60,83). Isler, Riiegp, 
Studer, and Jiirgens (48) studied the effects of changes in the substituent at C(3) 
upon the efficacy of the resulting compound in overcoming hypoprothrombinemia 
induced in rats and rabbits with Dicoumarol and other anticoagulants related to 4- 
hydroxycoumarin. The compounds studied included (7) lower and higher homologs 
of vitamin Ky, (2) lower isoprenologs of vitamin Ky, and (3) compounds having other 
aliphatic side chains at C(8), including those with alicyclic or aromatic substituents. 
A general conclusion was that for a given compound the activity might vary with the 
species of the test. animal or with the nature of the anticoagulant. Vitamin K, i- 
self, however, was found to be fully effective in hoth species and against all the anti- 
coaguiants studied. Ou the other hand, menadione and compounds having a 3- 
substituent with fewer than eight carbons were inactive. The presence of a double 
bond in the ,y-position and branching in the side chain were found to contribute to 
potency, but they were not required for activity. 

Toxicity. Neither hypercoagulability nor any other toxic effect. of the blood re- 
sults from the administration of even large doses of vitamin Ky. From studies on 
animals it seems likely that man can tolerate amounts of the K vitamins larger than 
those now administered (65). Vitamin 1G can be given safely at considerably higher 
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dosages than menadione and its derivatives. When menaslione is given orally to rats 
‘daily for thirty days, the lethal dose is 500 mg./kg. body weight, whereas vitamin I) 
is not toxic at a level of 25 g./kg. of body weight. It has also been reported that on 
lengthening the solubilizing ester chains of menadione, the toxicity decreases much 
more rapidly than the antihemorrhagic activity. 

Menadione powder is irritating to the respiratory tract and to the skin, and an 
alcoholic solution has vesicant properties. 


Preparations Suitable for Intravenous Administration 


The natural K vitamins as well as menadione are fat-soluble substances, and it is 
therefore often desirable for proper absorption from the intestinal tract, to administer 
bile salts simultaneously. When particularly rapid action is desired or when oral ad- 
ministration is contraindicated, preparations suitable for parenteral use become im- 
portant. To make possible the mtravenous administration of vitamin KK, und of 
menadioue, early workers diluted alcoholic solutions with saline or glucose solutions. 
This practice is no longer necessary since a stable emulsion of vitamin J, can now be 
prepared. In addition, potent compounds related to menadione that are soluble in 
aqueous medium are now commercially available. ‘he water-soluble compounds have 
the additional advantage that they can be given orally without bile salts, The ex- 
amples listed below serve only to illustrate the types of preparations in aqueous mc- 
dium which have been described in the literature. In general, the antihemorrhagic 
activity observed with the water-soluble compounds discussed helow does not seem to 
be attributable to the fimetiouing of the substances administered per se but rather to 
their conversion in the animal body to the vitamin K principle from which they are 
derived (86). Consequently only aqueous preparations of compounds that are re- 
jated to vitamin IX, should he expected to be effective aganist. anticoagulant-induced 
hypoprothrombinemia. 


PREPARATIONS RELATED TO VITAMIN Ki 


The synthesis of the water-soluble diphosphate ester (XVIT) by treating the di- 
hydrovitamin (IV) with phosphorus oxychloride in pyridine solution has been de- 
scribed by Fieser and co-workers (83,36,104). 


OPO(OH). 


CH; 
R 


OPO(OL), 


(AVIT) | R= pliytyl 
(XVID RI 


An emulsion of vitamin IX; suitable for intravenous administration became com- 
mercially available in 1952, 


PREPARATIONS RELATED TO MENADIONI: 
Solutions. Menadione is reported to be “readily soluble” in a 5% aqueous solu- 


tion of sodium dehydrocholate (12). Furthermore, 5.0 g. of menadione dissolves 
readily in 500 ml. of a 50% solution of sodium salicylate in water (94), 
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Water-Soluble Derivatives. A number of derivatives of menadione have been 
reported (102) that are water-soluble by virtue of their ability to form salts with alkali. 
The sodium salt of 2-methyl-1,4-naphthohydroquinone itself is extremely sensitive to 
air oxidation and is therefore unsuitable. A more stable derivative is obtained, how- 
ever, by reductive acylation of menadione with the anhydride of a dibasic acid such 
as succinic anhydride. Upon the addition of the theoretical amount of alkali a water- 
soluble sodium salt. is obtained. 

Of considerable commercial importance are the soluLious of “menadione sodium 
bisulfite’ U.S.P, XV, N.N.R. (97,100) (sec p. 865). The 2,3-dihydro quinone-2-sul- 
fonic acid structure (X), satisfactorily explains the ultraviolet spectrum (44), the sta- 
bility in neutral or acidie media and resistance to oxidation, the reacy regeneration of 
2-methylnaphthoquinone in alkaline medium, the equivalence in physiological activity 
of the salt and menadione, and the isomerization to the weakly active salt (AT) upon 
prolonged heating (13). Methods for analytical determinations of menadione sodium 
bisulfite have beeen described (59,78). 

Phosphoric acid esters (XVIII) (83,104) of 2-methylnaphthohydroquinone 
constitute another commercially important class of water-soluble forms of menaclione. 
The bis(dichlorophosphoryl) ester is readily prepared from the hydroquinone and phos- 
phorus oxychloride in the presence of pyridine. The tetrachloride is hydrolyzed and 
the resulting ester (XVII) is converted into salts, such as sodium menadiol dtphos- 
phate, US.P. XV, N.N.R., CioHs(CHs) (Os.PNazg)26H2O, a white or pink to light 
brown hygroscopic powdcler, 

The sodium salts of the disulfate esters of methylnaphthohydroquinone (83) can 
be prepared from chlorosulfonic acid and the hydroquinone. The preparation of the 
4-disodium phosphate aud the 4-sodium sulfate esters of 2-methyl-1,-L-naphthohydro- 
quinone 1-uectate from the 1-monvacetate of methylnaphthohydr oquinone (98) ean be 
carried out by the above reactions. 

Water solubility may also be achieved by preparing glycosides of the hydro- 
quinone (982,99). For example, condensation of 6-p-glucose pentaucetate with 
2-methyl-1,4-naphthohydroquinone in the presence of p-tolucnesulfonic acid at about 
130°C, affords the bis(glucoside tetraacetate). The latter is purified and subsequently 
hydrolyzed to give the deacetylated, water-soluble product CATX). When the 1- 


OCHO. eo 7> 
CH, “\-CH * 
a 


OC, 10; 00C-———-- 4” 
SN 
(NIN) (XX) 
OOCCHLCI . QOCCHLN (CH,)sCl 
C1 CH, (CU,)aN CT) CH; 
> 
OOCCHLCI OOCCH,N (CH,).Cl 


(XAT) (XXII) 
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monoacetate of methylnaphthohydroquinone is employed as the starting material, the 
product, after hydrolysis, is the 4-monoglucoside. 

The syntheses of a number of basic nitrogen derivatives of 2-methyl-1,4-naphtho- 
hydroquinone that form water-soluble salts such as hydrochlorides have been described 
(105). Thus acylation of the methylhydroquinone with nicotinyl chloride in pyridine 
solution gives the dinicotinate (XX), the hydrochloride of which is water-soluble. 

Another type of nitrogen-containing-derivative owes its water solubility to quater- 
nary salt formation (101). Thus from the treatment of a solution of the diester (XXT) 
with trimethylamine, the water-soluble salt (XXII) is obtained. 

Other types of water-soluble preparations are substitution products of 2-methyl- 
1,4-naphthohydroquinone containing nitrogen attached directly to the aromatic 
nucleus, for example, 2-methyl-4-amino-1-naphthol hydrochloride (XXTV) (vitamin 
Ks) (23). The preparation of this compound from menadione has been described by a 
number of workers (75,87). Treatment of menadione with hydroxylamine hydrochlo- 
ride affords the 4-monoxime, which can be reduced to the desired compound with stan- 
nous chloride in concentrated hydrochloric acid or by catalytic hydrogenation. Other 
carbony] derivatives of menadione serve as intermediates in the synthesis (see Vol. 11,p. 
413). Aqueous solutions of 2-methyl-4-amino-1-naphthol hydrochloride are sensitive 
to air oxidation and must be stabilized by the addition of reducing agents such as potas- 
sium metabisulfite. A colorimetric determination (59) based on the reaction between 
2-methyl-4-amino-1-naphthol and sodium pentacyanoammineferrate (II) has been de- 
scribed. No color is obtained with menadione under the conditions employed. 


NH: HCl OH 
Oo" 
NH, HCl NIE‘ HCl 
(XXII) (XXIV) 


The synthesis of 2-methyl-1,4-diaminonaphthalene dihydrochloride (vitamin Ks) 
(XXIII) has been described (87,88). This compound is reported to be more stable 
and more soluble in aqueous solutions than vitamin K,. 
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VITRAIN. See Coal, Vol. 4, p. 96. 


VM&P NAPHTHA (VARNISH MAKERS’ AND PAINTERS’ NAPHITHA). See 


Petroleum (produeis), Vol. 10, p. 167; and such articles as Coatings, industrial; Paint; 
Varnishes. 


VOLATILE OILS. See Ozls, essentdal. 

VOLUME MEASUREMENT. See Fluid mechanics (flow measurement). 
VOLUMENOMETER. See Density and specific gravity, Vol. 4, p. 892 

VOMICINE, Cx2HyN20,, See Alkaloids, Vol. 1, p. 498. 

VULCANIZATION; VULCANIZING AGENTS. See Rubber chemicals; Rubber com- 


pounding and fabrication. 





WAD. See Manganese and manganese alloys, Vol. 8, p. 722. 
WALDEN INVERSION. See Stercochemistry, Vol. 12, pp. 861, 889. 


WALLBOARD 
Classification... 000.0600. cee eee p. 87. 
Hardhoard and semihardboard,...0...,.......0005 876 
Other wallboards..... 00.0.0 000000 ccc eee ee 885 
Classification 


The word “wallboard” has become a general term applied to large boardlike ma- 
terials used on or as a wall. It has been applied in some instances to mean a single 
kind of hoard, but those in the building business, and others, have come to recognize 
the term as a general classification. Usually excluded from the accepted meaning of 
the word are built-up combinations of materials. These are referred to more often as 
“panels” although plywood and gypsum board, well-known wallboards, are in a way 
laminated products. This article also deals with related materials that might be 
described as “building board” since their use is not necessarily on or in a wall, 

Wallboards, in the broader definition, are classified in major types below. Elimi- 
nated are boards in minor use and those that would be called panels or some other name. 
Among those excluded are plastic panels, metal panels, laminated wood fiber products, 
laminated corrugated panels, and the Jike. Finishes are not considered in this classi- 
fication because most waliboards have a variety of surfacings. 

Table I gives a general classification of wallboards. 


TABLE I. General Classification of Wallboards. 











Organie Tnorganic- organic Inorganic 
Hardboard Cypsum wallboard Asbestos-cement 
Semihardboard Wood-inorganie binder 
Insulating board 
Plywood 





The division between organic and inorganic-organic wallboards is not entirely 
sharp, since organic boards use a small proportion of inerganic chemicals such as 
alum, sulfuric acid, or sodium aluminate in the sizing operation. 

Table Il shows characteristic ranges of density and thickness of organic wall- 
hoards. 

Tnorganic-organic wallboards can be classified mto two broad types; the first, 
a laminated wallboard in which the organic material is applied to the surfaces and the 
core is inorganic; and, second, the wallboard containing both organic and inorganic 
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TABLE I], 

Type of board ~ ~ Density, Ih./ou.ft, Thieleness, in. 
Hardboard 50 to 70 lg to fe 
Semihardboard 30 to 50 i tol 
Insulating board 10 to 30 34 to 1 
Plywood 20 to 40 1g to 144 





constituents blended together throughout the board. The widely used gypsum wall- 
board is an example of the tirst type, and the wood excelsior—inorganic bonded board, 
the second. 

Asbestos-cement wallboards are the only completely inorganic wallboards in 
general use. While there are several types of “cement” used in these boards in com- 
bination with the asbestos fiber and a variety of densities, they have similarity enough 
to justify the single classification. Excluded from this classification as noted above 
are metal panels, 


Hardboard aud Semihardboard 


Hardboard was first. developed by William H. Mason in 1926 in the United States. 
Mason, a former associate of Thomas A, Edison, turned his attention to the utilization 
of wood waste following successful development of processes for recovery of turpentine, 
rosin, and pine oil from sawn lumber. He was familiar with the softening effect of 
steam on wood and began experimental work to combine this action with a method of 
rupturing the fiber bond by explosion with high-pressure steam. He found it necessary 
to go to a pressure of 1000 p.s.i. in order to obtain the proper degree of fiber liberation 
aiter a lower-pressure steaming time to soften the fiber bond. 

This exploded fiber was a brown, fluffy mass which is known as gun fiber. It 
was found to be very well suited for the manufacture of structural insulation board, 
and his first attention was tured towards this market. However, experimental work 
proceeded along the lines of developing a high-density, small-thickness building board. 
After numerous failures, he found that by correct simultaneous application of heat and 
pressure to a sheet formed of these fibers, a highly dense, strong, and water-resistant 
product could be made. The product was given the name ‘‘Presdwood” and Mason 
originated the trade name Masonite and founded the largest hardboard producer, The 
Masonite Corporation, 

The Masonite process spread abroad and was used in Sweden’s first hardboard 
plant in 1929. Since that time it has been used for about 80-90% of the world's 
production of hardboard. > 

Almost all of the types of fibrous hardboards have similar properties. The re- 
quirements for }4-in. hardboard in Federal Specification LLL-F-311, Fiberboard: 


Hard-pressed, Structural (July 12, 1940), Federal Standard Stock Catalogue, are given 
below: 








Minimum Maximuin 








. Density, dulus of ts i 

_ Material Ib./eu.tt. 7 rupture, psi. (| ‘ator apsarp eign % 
Class A (untreated)? 60 6000 20 
Class B (treated) 60 “1000 12 








“ Note: The difference between class A and class B is that class B bourds have been surface 
treated in some fashion, for cxample, the board surface has been impregnated with drying oils. 
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Hardboard differs from the thick insulating wallboard (716-1 in.) by its greater 
density and rigidity, harder surface, and greater resistance to impact. Hardboards 
are thin boards mace usually in 44-56 in. thickness, a 4 ft. width, and up to 16 ft. in 
length. They have a density range of 45-70 lb./cu.ft. 

Hardboards are too thin and compact to be efficient heat or sound insulators, but 
are useful in covering partition walls; and, when sufficiently waterproof, they have 
been used for exterior surfaces, 

In residential construction, hardboard is used in floors, ceilings, roofs, and interior 
walls. In nonresidential construction, it is largely used for concrete forms and interior 
partitions forming permanent parts of a building. On the farm, hardboard is adapted 
to many uses, such as exterior wall covering, partitions, and bins. In manufactured 
products also, hardboard has become increasingly popular in motor vehicle bodies, 
signs, toys, etc. 

Consumption of building board of all types has grown more than tenfold since 
1929, the bulk of the increase coming since the beginning of World War II. The 
greatest relative increase has been in hardboard; about 16 times as much hardboard 
was used in 1958 as in 1929. Increased interest in manufacturing hardboard is evi- 
denced by tle entry of two western hardboard plants in 1953 and six more in 1954. 
Hardboard production in 1952 was 1000 million square fect (14-in. equivalent), of 
which 220 was used in construction, 325 in furniture, 280 in manufacturing, and 175 in 
household uses (16). 

The processes for the manufacture of hardboard can be elassified as follows: 

A. The wet process 

1. Masonite process 
2, Asplund process 
3. Miscellaneous wet processes 


B. The semidry process—with addition of resin 
q 


» The dry process 
1. With resin or adhesives 
2. With chemicals 


THE WET PROCESS 

Masonite Process. In the manufacture of the current leading hardboard product, 
Masonite’s Presdwood, both hardwoods and softwoods are used, the former consisting 
largely of gum, magnolia, poplar, and other southern hardwoods and the latter of short- 
leaf and long-leaf pine. The wood is received at the plant in bolts 5 ft. long. All 
wood is purchased in the peeled condition, although rough wood may be used by modli- 
fication of the process. 

Softiwoods and hardwoods are kept separated through the wood room and sort- 
ing operations and are then blended in proportions to give the desited properties in the 
finished product. Some of the products consist entirely of softwoods, others eutirely 
of hardwoods, aud some of mixtures of the two types of fibers, exploded separately, 
in the proper proportions to give specific results. 

The explosion. process used for fiber production is the subjection of the wood chips 
in “guns” to high steam pressures. The time in the “gun” is coordinated with the 
type of wood, the size of chips, and the moisture content. The entire cycle in the guns 
runs somewhat under one minute, including filling, preheating, bringing up to pressure, 
holding at pressure, and exploding. A steam pressure is used of 1000 p.s.i., equivalent 
to about 550°F. or 285°C. The time-temperature curve is extremely important, as 
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little as 0.5 second difference in the giving distinc changes in the fiber produced. A 
bottom discharge valve in the gun is instantaneously released and opened to the at- 
mosphere, exploding the chips to fibers and fiber bundles. The fibers and fiber bundles 
enter a cyclone where the steam escapes; and the fiber and fiber bundles fall into a 
stock chest. From the stock chest, the fibers are carried by water and fed to a cylin- 
der or Fourdrinier machine, similar to the standard papermaking machine, where the 
board is formed as a thick, continuous, fibrous mat. Excess watcr in the mat is 
eliminated by passing through squeezing rolls. In the formation into sheets, the soft- 
ened fiber and fiber bundles become criss-crossed in various directions so that the re- 
sulting product is grainless and has substantially equal strength and. stiffness in all 
surface directions. Usually, waterproofing agents are added to the fihers prior to their 
being fed to the Fourdrinier machine. 

This thick wet Jap is trimmed and cut to size, and the individual pieces are con- 
veyed on a wire-covered steel plate to the deck loader of the hot press. The hot press 
usually has twenty openings and is capable of pressing sheets + ft. wide and from 8 to 
16 ft, long. The pressing conditions for hardhoards 14-374 in. thick are: time, 8-20 
minutes; pressurc, 1,000 p.s.i.; temperature, 350°I, As the hot platen press is 
being loaded from oue end, the unloader at the other end removes the finished board. 
The “cured” hot, dry hardhoards are trimmed and then humidified at about 80% 
relative humidity usually using atmospheric pressure steam. The resultant board has 
a brown color and is smooth on one side with screen marks on the other. Often the 
hot, dry hardboards when removed from the press may be further heat-tempered by 
oven-baking or may he tempered by dipping in a drying-oil bath Gvhich may conta 
resins) and then heat-treated to cure the drying oil-resin mixture. 

Asplund Process. The principal difference between the Masonite process and 
the Asplund process is in the means of obtaining the individual fibers. In the Masonite 
process, the individual fibers are obtained from the suclden explosion of the wood chips 
from the “etins”; in the Asplund process the individual fibers are obtained by the use 
of an Asplund defibrator. 

The basic principle of the Asplund process is the heating of wood or lignocellulose 
materials to a temperature of 150°C. and higher in the presenee of 150-160 p.s.i. 
steam pressure. This has the cffect of softening the so-called “middle lamella” 
(high lignin fraction) which binds the individual fibers together. This sofLening action 
starts immediately at temperatures above 100°C., but is most pronounced above 150°C. 
In this condition the fibers can easily be rubbed apart at low power cost, The chips 
(uot fine sawdust, or shavings, ete.) are introduced into a horizontal preheater of the 
Asplund Defibrator by means of a reciprocating plunger or screw feed. Chips are 
compacted in the so-called plug pipes where they form a seal against steam. As chips 
arrive in the preheater, the plug of the chips breaks up. Heating of the wood chips ina 
steam atmosphere of 160 p.s.i. pressure takes only a short time—usually about one 
minute. From the preheater, chips are carried to defibrating disks where fiber sepa- 
ration takes place. Fiber thus made is discharged into the open air by means of a 
valve system, which consists of two valves operating heliween a discharge chamber. 
This chamber becomes filled as the first valve opens. Shortly after the first valve is 
closed, the second valve is opened and the pulp and steam contained in this discharge 
chamber is blown out into a cyclone. Water is sprayed into this eyclone, which con- 
denses the steam and forms a water suspension of fiber. From this stage of the opera- 
tion succeeding steps are similar to that described above for the Masonite process. 
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These steps include refining, screening, and other preparation of the fiber; the slurry- 
ing of this and making of wet lap on a Fourdrinier machine; and the final pressing of 
the wet fibers.. 

In the ease of boards made hy the Masonite process, there is no use of resin or 
binder, and only waterproofing agents are sometimes uddecl. On the other hand, the 
use of a small percentage of phenolic resin precipitated on the fibers has been the gen- 
eral practice in the Asplind process for many years. 

Miscellaneous Wet Processes. A variation of the continuous wet process is the 
baich wet process, Wood chips of the size used in paper manufacture are reduced by 
attrition or Asplund defibrators to a fibrous mass which is mixed with a small percent- 
age of phenolic resin, The stock, a mixture of water, resin and fibers, is metered 
into a deckel box, where the water is drained off through « screen instead of onto a con- 
tinuous sereen belt. The cnusuing steps needed to make a hardboard are similar to 
those used in the continuous wet process. In this ease the product is also brown in 
color anc smooth on one side. 

Equipment such as chippers, defibrators, high-pressure boilers, washers, and 
presses, besicles all the special handlmg and loading machines needed in any wet process, 
are expensive. This high cost of breaking whole wood down into its individual fibers 
and fiber bundles and the attendant complications and skill required in the subsequent 
operations means that the making of wallboard by the wet process must be a very large 
business enterprise. 

About the middle of 1952, the Oregon Lumber Co. placed on stream a hardboard 
plant which successfully utilized 80-50% of various barks, including Douglas fir, white 
fir, and western hemlock, with defibrated wood chips. The use of bark provided 
the hardboard with satisfactory moisture resistauce and dimensional stability and 
eliminated the use of all other chemicals. 


THEE SEMIDRY PROCESS 

The outstanding differeuce which exists between the semidry process and the 
continuous wet process, is that no water is used to carry the fibers during the forming 
operation. Ju order to preduce the same quality of board by this process as by the 
wet process, the addition of resin is always necessary. In many instances, if a sufh- 
cient quantity of resin is added, the final board can be made equal in most respects to 
the hoards made by the wet process. The plant investment for the semidry process 
is considerably smaller than for the continuous wet forming process and compares 
favorably with the wet batch process. 

The flow line for a typical plant would begin at the truck deck where chipped wood 
is brought to the chip bin. From the chip bin, the wood chips are carried by conveyer 
to the cooking section for a short cook prior to entering a fiberizing machine. After 
the cooker, the resins and other waterproofing materials are added, and the fibrous 
material, which contains about 50% moisture, is carried into the grinder, From the 
grinding machine the fibrous material, which now has about 20% moisture, is carried. 
to the felter where it is laid down as a continuous felt, or it can be laid down in a batch 
system. Directly from the felting machine the material is carried mechanically to 
the press loader and from there on to the hot press for an appropriate pressing cycle. 
It is finally removed from the hot press to the panel receiving rack and conveyed to the 
humidification chamber. The humidification chamber relieves the stresses in the 
board by bringing it up to its equilibrium moisture conteut, so that the board will re- 


880 WALLBOARD 


main flat. From the humidification chamber, the board is put through the edge and 
end trim saw and is then ready for storage and packaging. The steps immediately 
following the pressing operation are similar to those described for the wet process. 


THE DRY PROCESS 


The dry process is so called because the wood particles or fibrous mat are fed to 
the hot, platen press in a dry state. If the board is self-bonded (no chemicals or resins 
or binders added throughout the process), the raw material is usually defibrated wood 
which is matted and cured in a press until the desired strength and density is obtained. 
If resins are added to the board, then the raw material is usually wood particles having 
a certain size and shape. In both instances, the final density of boards made this way 
usually places them on the borderline between semihardboard and hardboard. 

Resin-Bonded Hardboard. The resins to be used can be added in either the dry 
state or the liquid state, depending on the moisture content of the wood particles and 
the particular resin used. Thermosetting resins of two types are used: phenol- 
formaldehyde and urea-formaldehyde. Other resins used in » small way are furfuryl 
alcohol condensed with a catalyst, melaminc-formaldehyde, cresol- or resorcinol- 
formaldehyde, etc. The most popular resin used is phenol-formaldehyde. The 
phenolic resins are darker in color, somewhat higher in price, and give superior per- 
formance as compared to the urea resins. A typical flow line begins at the raw-ma- 
terial receiving station, which collects dry material from a planing mill or other manu- 
facturing operation. Wet slab material from a saw mill, whole poles or trunks of 
trees, or cord wood, may also be handled. 

The dry material goes directly through a chipper and into the chip bin, whereas 
the wet slab material may be, although not necessarily, first debarked, then chipped, 
and put through a chip dryer to bring it to the proper moisture consistency. The 
dry material is stored in a chip bin and then run through a grinder, usually a hammer 
mill or an attrition mill, to reduce it to the proper size. The material is then screened 
+0 the desired mesh size; and all coarse material is returned for regrinding. 

From the stock bin the maierial is weighed and the resins and other binding agents 
or waterproofing compounds added in desired proportion and completely mixed, 
taking care that the distribution of fine and coarse material is kept in proper balance. 
Steel pans as cauls are filled and conveyed to the mechanical charger, onto the hot, 
press for an appropriate curing cycle, and finally removed from the hot press to the 
panel-receiving rack and carried to the pan inverter where the board and pai are 
separated. There is a stock chest near the pan filler for holding as a back log material 
that has been mixed previously. From the pan inverter the board gocs to the edge 
and end trim saw; the pans are carried back to the pan filler by a conveyor section. 
The boards are trimmed; processed through a sander to finish the surfaces if desired ; 
and then sent to the board storage, packaging, and shipment. 

The rapid growth of the dry process for making hardboard is duc mainly to the 
comparatively low cost of production equipment, and the successful use of wood 
wastes and defective timber, and a wide range of species as the raw material, 

The resin-bonded particle board made by the dry process differs from the standard 
hardboard made by the wet process in the method of fiber preparation—affecting the 
size and shape of the woody particles, and the use of bonding agents to hold the wood 
particles together. The wood particles of the resin-bonded particle boards are gencr- 
ally larger in size, and somewhat granular in shape. 
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Hardboard Made with Chemicals. Since 1947, Smith, Othmer, and Ricciardi 
have developed a dry wallboard process using neither resins nor conventional bind- 
ers, and have brought the process to the pilot-plant stage. Basically this process 
consists of the addition to and thorough mixing of a small amount (usually about 6%) 
of inexpensive chemicals such as sulfur, lignin, silicates, and homologs of phenol with 
the fine wood waste, the pressing of this mixture in a heated press at about 500-700 
p.s.i., and the withdrawal of the board so formed in about teu minutes. The operation 
is done without the expensive evaporation of all of the water still retained in this step 
in the wet process, and the preliminary treatments are comparatively simple. The 
plant required is low in capital cost and the manufacturing process may be almost 
entirely automatic. 

The process depends on “reactivating” the lignin. Up to 2.5% sulfur has been 
shown to unite with the lignin present in the wood, under the conditions of the press- 
ing operation, that is, high temperature and possibly moisture. A new compound 
with lignin is formed; and this bonds together the granular or fibrous material. 
Similarly, sodium silicate combines with lignin. Its action here is entirely different 
from its usual adhesive use as water glass. While some wood species contain suffi- 
cient lignin to give this desired effect, others do not. For these, more lignin may be 
added, in the form of low-valued material recovered from the pulp and paper industry. 
These low-cost additives make strong, hard, water-resistant boards of wood waste, 
bagasse, etc., without the use of the much more expensive resins. The combination 
of sulfur has the additional advantage of making the boards very resistant to rot, 
molds, termites, etc. 

Sawdust and shavings are collected at the central storage bin, and tramp iron is 
magnetically separated. From here the raw material is screened, the coarse material 
passing through a hammer mill, the fine material through an attrition mill. Both 
hardwoods and softwoods may be used. The two streams of fine fibers are blown to 
an elevated bin. If fibers are prepared by a combined steam and mechanical de-~ 
fibrating action, they may be used instead of ground particles to make an excellent 
board. The mixture is loaded by machine into trays. The filled trays are then loaded 
automatically into a hot press with as many as twenty openings, by means of conven- 
tional elevators and pushing devices. The chemical reactions of re-forming the wood 
are all accomplished in about ten minutes, while pressure is applied at the operating 
temperature. The wood-chemical mixture, slightly more than 144 in. deep, usually 
is compressed under heat and high pressure to a final thickness of about 344 in. The 


TABLE U1. Physical Properties of Wet-Process Masonite Products. 








Tempered 

Presdwood Presdwood 

Property 4 in. thick 1 in, thick 

Sp.gr. 1.03 1.10 

Modulus of rupture, p.s#.1. 6,200 11,000 

Modulus of elasticity, p.s.i. 550, 000 850,000 

Tensile strength, p.s.i. 38, 200 5,100 

Rockwell hardness, R scale 48 75 
Water absorption, % uptake in 2 hr. 5.5 — 

Water absorption, % uptake in 24 hr. 16,0 11.7 

Water absorption, % uptake in 48 hr, _ 15.6 


Heat transmission coefficient, B-t.u./(br.)(sq.ft.)(°F./in.) 1.35 1.50 
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resulting board so formed is hard aud. strong but somewhat plastic at the high finishing 
temperature, Its maximum strength develops within a few hours. It is cooled, 
humidified, and trimmed to standard sizes. From there on it is handled as normal 
lumber. 
PHYSICAL PROPIERTLIs8 
Physical properties of iwo commercial hardhoards now on the market are given in 
Tables TIT and LV. 


TABLE IV. Physical Properties of P.V.° Brand Semidry Resin Process Wallboard. 








Properties Ys in. aw in, 
Weight, lb, /sql. 0.715 0.960 
Sp.egr., vol. at test, wt. oven-dry 0.90 0,89 
Modulus of rupture, p.s.1. 6186 6568 
Tensile strength, p.s.t. — ~- 
Water absorption, % uptake in 2 hr. 5,74 5.28 
Water absorption, % uplake in 24 hr. 17.6 {6.18 
Thickness increase, % in 2 hr, 1.84 1.56 
Thickness increase, % in 24 hr. 10.88 9.68 
Tleat transmission coefficient, B.t.u./Chr. (sq.ft. (CF. fin, } 5.6 1.2 








SEMITTARD BOARD 
Fibrous Board. Building fiber boards of this intermediate clussification include 
boards weighing between 25 and 50 lb./eutt, They are sometimes called hardboards, 
but the term “semihard” or “intermediate density” is more descriptive. The large 
range in strength and other physical properties for semilard board is shown below: 





Thickness, 








7 ~ Modulus of , Water absorption, 
General classification in. Sper. supeure, Qos St hy. fall inmersion 
Semihard fibrous board ByQ-lg 0,4-0,8 400 -4000 — 
Semihard purticle board yi-3g 400-1000 100-150 





The primary use for semihard fibrous board is for interior wall covering. Because 
they are denser than the rigid insulation boards, they usually have more resistance to 
abrasion or other surface damage than lower-density boards. ‘These boards also have 
limited nse in furniture mantfacture. They can be used to advantage as drawer 
bottoms and dividers in chests, as backs in cabinets and similar items, and as core 
stock in utility-grade furniture. When used as paneling, they may be cemented or 
nailed in place. Standard woodworking tools can be used for fabrication. The 
boards take and hold paint well, although the surfaces sometimes must be sealed to 
prevent paint from soaking into them. 

Semihard fiber board can be manufactured by any one of the wet precess methods 
or the semicdry method previously described in the section tnder hardboard. In 
general, the main differences are (1) an increase in the original thickness or weight 
of the fiber mat used, (2) a lower platen pressure, and (3) « longer time of pressing. - 

Semihard Resin-Bonded-Particle Boards. This type of board provides a profit- 
able way to utilize residues from millwork, furniture, or similar operations. It is used 
as an interior paneling in houses and in furniture and millwork. Because the semihard 
resin-bonded-particle boards stay flat with changes in moisture content, they are used 
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as alternates for solid limber cores in venecred construction. The linear expansion 
with changes in moisture content may be large, but it is not greater than the values 
for wood across the grain. 

The method of manufacturing this type of board is very similar to the dry process 
except for the increase in pressing time, decrease in platen pressure, and increase in 
original thickness or weight of original dry mat. 

Specialty Boards. A great variety of specialty boards of various types have been 
developed experimentally and commercially throughout the world. 

Novopan. This product is a butch dry-process resin board consisting of a granular 
low-strength core surfaced on both sides with prepared shavings of high resin content, 
giving a pearly effect to the surface. The core represents 84% by weight of 1-in. 
board and 60% by weight of }4-in. board, The core and surface are formed and 
pressed simultaneously. Thicknesses range from 14 to 154 in. This board has been 
commercially produced in Switzerland since 1945. The U.S. Plywood Corporation 
has built a plant to make this type of board in California, 

Solid wood scrap for core material (2-3% moisture content) is ground to about 
0.2 in. particle size and screened, Surface shaving material is prepared from large 
undried blocks of wood 6 in. or thicker, mill ends J in, or thicker, or 6-14 in. logs, using 
specially developed shavers. Core and texture materials are fed automatically 
from bins to automatic scales and then to formers where the separate layers are auto- 
matically spread into forms. ‘The forms are fed into the press. After pressing, boards 
are edged and trimmed. 

Total resin content (urea formaldehyde) is less than 10%. 

CTH Board. This is a dry-process batch-resin semihard board using urea- 
formaldehyde resin, and developed by the Chalmers Tekninka Hogskola, Goteborg, 
Sweden. Shavings, cuttings, and sawdust (10-15% moisture content) are ground. 
Fibers smaller than 0.118 in, are discarded. The raw material is sifted and resin is 
added, and the charge is automatically weighed and passed to the forms. The molds 
are hydraulically pressed using high-frequeney current for heating. The boards are 
removed and cut to size. The surface is lightly ground and buffed. A minimum 
moisture content is required in the raw material for effective use of high-frequency 
heating in the press. 

Continuous Press Method (Bartrev Board). The Bartrev Co. of England has 

made semihard board, as well as other types, on a continuous hot press. It is believed 
that this press can produce board at the rate of 30,000,000 sq.ft. annually on a 3¢ in. 
basis, using more than 50 tons of normally wasted wood material daily, and producing 
a continuous 4-[t. wood panel at speeds up to 25 ft. per minute, 

The raw material is reduced in size with 1 hammer mill (chipping machines are 
used if the material is in large pieces). It then goes to a storage bin, whence it is sent 
to the dryer. It is essential to maintain accurate control of the moisture content of 
the raw material at the point where it undergoes compression. The dryer must de- 
liver a product, with a constant moisture content whatever the initial content of the 
material, 

The amount of resin used is about 6% on the raw material. The resinated ma- 
terial, in a layer of uniform thickness, is heated by radio frequency to about 75°C 
and is then pressed in contact with platens which are heated to 140°C, 

Extruded Board. The well-known particle cork board machine used for.many 
years in the making of cork board has heen adapted to the manufacture of wood- 
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particle wallboard. Thick boards are easily made in the extrusion machine, and these 
may have cored-out holes within the board. The extrusion method uses a resin- 
covered wood particle as in the other two methods, but employs a reciprocating ram 
to drive a measured volume of particles between two stationary converging hot sur- 
faces. Tho converging surfaces provide frictional hold-back so that considerable 
pressure can be developed by the ram. The heat of the compressing surfaces serves 
to set the resin and consolidate the board. 

An unusual and unique feature of the extruded particle board is the orientation 
of the longest dimension of the particle used. Unless all particle dimensions are nearly 
the same, the particle will orient itself as the ram drives it into place it such a position 
that the longer dimension is parallel to the ram face. This position of the particle 
results in good holding power when surfacing sheets are later glued to the board sur- 
faces and also good holding power for edge driven fastenings. The bourd alone is 
quite flexible in one direction owing to the particle orientation. 

The extrusion machines are comparatively small and low in speed with vonse- 
quent low production rates. They are low in initial cost and so are attractive to small 
wood-working plants as an auxiliary operation for making core materials for sale or 
for self-use. The continuous 4-ft. wide sheets have the advantage of eliminating end 
and edge waste, and in addition the feature of closely spaced hollow tubes running 
through the sheet to reduce weight and material usage as well as aid in curing the resin 
during manufacture within the body of thick boards, 
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Other Wallboards 


INSULATING BOARD 


Insulating board is made in the U.S. and Canada by seventecn manufacturers. 
OF these seventeen, two are in Canada and three on the Pacific Coast. The balance 
are largely in the south central states. The annual production in the U.S. in 1954 was 
about 2.6 billion feet (square feet) based upon a )4-in. thickness. Insulating board 
was first made in 1914 by the Minnesota and Ontario Paper Company, International 
Falls, U.S. Production grew slowly until 1920, when the Celotex Company began 
production of insulating board at Marrero, Louisiana, from crushed sugar cane waste 
called bagasse. The Celotex Corporation is at present the largest producer of insulat- 
ing board with an approximate annual production of three quarter billion feet. The 
Minnesota and Ontario Paper Company, Johns-Manville Corporation, and Armstrong 
Cork Company are also large producers. 

Insulating board is the lightest of the wallboards and can easily be distinguished 
from the hardboards by its lower density and rigidity and its softer surfaces. In- 
sulating board is also the only wallboard to furnish appreciable thermal insulation in 
rigid, large-board form. It is made in greater thickness than other boards for general 
production, 14 in. as compared to 34 in, in plywood and Yin. in hardboard. 

The distinguishing characteristic of insulating board is that the structure is main- 
tained by a tangling of the fibers and by the cohesive effect of adsorbed water, rather 
than by the adhesion of plasticized lignin or of a resin additive. The structure forma- 
tion of insulating board is largely reversible when soaked in water, but this is not true 
of self-bonded or resin-bonded hardboards. Therefore insulating board is subject to 
a much greater loss in strength when it is wetted. 

Insulating board, although comparatively soft, is also quite resilient, and it has a 
good resistance to repeated rough usage not found in some of the inorganic fibers. 
Since it is a wood product, insulating board in the presence of moisture is subject to 
attack by microorganisms and insects. Treatments are available in manufacture that 
will protect the wood quite well from such attacks, but repeated exposure to moisture 
or insect attack or exposures of long duration will eventually deteriorate the board. 

Insulating board is more susceptible to fire than the hardboards due to its lower 
density. A 14 in. thick square foot of insulating board will contribute about the same 
heat when burned as a square foot of lin. self-bonded hardboard or 14 in. of particle 
hardboard. All wallboard and other interior wall and ceiling lining insulating boards 
are available with a flame retardant painted surface on the exposed side. Insulating 
board, when enclosed on both sides by air impermeable surfaces, does not have enough 
void space air to maintain burning or smoldering even in the lower density ranges. 
This is important in the case of insulating-board roofing insulations used on roof 
decks and under built-up roofing. 

Raw Materials. Many types of organic fibers can be made into insulating board. 
Pulpwood was used by a majority of the fifteen manufacturers in the United States in 
1954, but bagasse, extracted pine-stump waste, licorice root, and flax straw are also 
made into insulating board. In addition, a large quantity of waste newspaper and 
groundwood screenings from the manufacture of paper are used. The species of 
pulpwoods used are quite varied: jack, southern, and Virginia pines; Douglas balsam, 
and western firs; and hardwoods such as cottonwood, willow, aspen, tupelo, and sweet 
gum. 
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No resins or other additive binders are required in any quantity by the insulating 
board industry except asphalt which is a part of such products as exterior wall sheath- 
ing in the form of an integral mixture or as a coating. Raw or modified starch in small 
proportions provides slightly improved physical characteristics for some manufac- 
turers. Wax and other sizing materials, such as modified rosins, are included by all 
manufacturers to reduce the affinity insulating boards have for water. 

Mannfacturing Processes. Fiber Preparation. Several processcs are used in 
the manufacture of insulating boards. These divide basically into two processes, one 
mechanical and the other » combination of chemical and mechanical. In the mechant- 
cal process, logs are ground to a pulp on large, coarse pulp stones using pressure to hold 
the logs sideways against the surface of the stone and water sprays for cooling, The 
log bark is often removed before grinding. The pulp thus formed is diluted with a 
large quantity of water to a consistency of less than 1% and passed over screens, 
Rejects at the screens are reprocessed, and the accepted pulp is dewatered and re- 
diluted Lo a specific consistency, often 3-5%, for sizing and storage in large chests 
preparatory to mat formation. Another process is chipping of the logs and reduction 
of the chips to pulp in a disk mill where rotating plates do the work. Not all woods 
are suitable for grinding. Those uot suitable include most hardwoods, the exception 
being the soft hardwoods such as aspen, cottonwood, and willow. The use of saw 
mill waste such as slabs is hampered in the grinding operation by the difficulty and 
cost of bark removal and of handling such sizes and shapes. 

The chemical-mechanical process is fitted for agricultural residues such as straw, 
bagasse, and flax straw, and for hardwoods that cannot be satisfactorily ground. The 
process consists of pressure-steam-treating the material in the presenee of lime, so- 
dium hydroxide, or ueutral sodium sulfite. Five to ten per cent chemical on a, dry 
weight basis is suffictent and one to two parts by weight of water. The cook serves 
to soften the material so that the fibers are more easily separated with less destruction. 
The next process is 8 mechanical rubbing and working of the material i a disk mill or 
other type of equipment that will produce a mechanical separation of the fiber. The 
fiber thus prepared is then treated in the same way as the ground wood fiber. 

A variation sometimes used in fiber preparation is the Asplund process where the 
material is fed into a continuous cooker with or without chemicals and subjected to 
steam pressure for several minutes. The coutinuous cooker feeds the material still 
under pressure into a disk mill for reduction of the softened material to a coarse fiber. 
In the next step the coarse fiber no longer under steam pressure is passed to a disk 
refiner for further reduction toward fiber size. 

A further variation recently come to the fore is termed, “chemigroundwood,” 
which is adapted to woods that cannot be ground in the usual way, This process is 
essentially that of ground wood, the only difference lying in the preparation of the pulp 
logs for grinding. The logs are loaded on cars which ave run into a steam tank, 
much as in the creosoting process, and vacuum is applied. Next the chemical golu- 
tion is injected and heat and pressure applied after which the pressure is removed and 
the available chemical solution drained off. Chemicals are the same as those used for 
treating chips. The logs are next removed, fed to the regular grinders, and reduced to 
pulp, The grinding may be done hot or cold any time after log treatment, 

Pulp yields in the semichemical processes are about 84%, whereas the ground- 
wood process gives about 94%. The semichemical process is accompanied by a more 
serious stream pollution problem than the ground wood, 
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Tn all fiber preparation methods, coutrol and adjustment of pH must be made to 
apply size properly and to obtain a suitable pH at the forming machine. The ad- 
dition of protective chemicals, such ay sodium pentachlorophenate, may require 
further pH manipulation. 

Forming and Drying. There are esseutially two types of insulating-board forming 
machines; a cylinder type such as the Oliver board forming machine and the flat-wire 
or Fourdrinier machine similar to a paper machine. The cylinder machine is a hollow, 
wire-faced wheel turning partly submerged in a water suspension of the wood or other 
fiber. The wheel has a hub vacuum-valve system and is segmeuted so that a vaeuum 
may be applied to assist sheet formation and mat dry-out, but can be cut off at the 
point where the mat is removed from the wheel. Tifteen to twenty irches of vacuum 
are frequently carried on these machines, The cylinder-type forming machine is 
generally preferred for insulating-board formation because of its ability to form a 
mat faster than the flat-wire types. However, a number of flat-wire machines are in 
use and have certain advantages over the cylinder machine such as simpler thickness 
control and uniformity and aceess of mat for wet end coatings. 

The flat-wire machines are in effect moving horizontal wire belts upon which the 
water-bore fiber is spread. Dewatering is accomplished by gravity and by suction 
below the wire. Pressure may be used at the head box to accelerate stock K deposition 
on the wire or by gravity head or pump. 

After formation the wet mat passes between a top and bottom wire of a roller 
press for further dewatering and across a roller table to be cut into wet mats 16-24 ft. 
long. The mats are then placed in a roller dryer with a number of decks by « tipple 
system. Hight decks are common in such dryers allowing a speed approximately 
one-eighth that of the forming machine. The dryer heat is supplied by direct-fired gas, 
direct-indirect. oil, or pressure steam. Dryers are built to take mats up to 13 ft. in 
width and are made long enough to accommodate the forming machine speed antici- 
pated. Some of these light deck dryers are over 500 it. long. Sheets are dried to 
1 or 2% before leaving the dryer. A single line is formed upon emerging from the 
dryer which passes to the trim saws. The trim saws cut the large mat into smaller 
pieces, the 4 by 8 ft. size being the most common, After the trim suivs, the sheets are 
rewetted to normalize their moisture coutent and placed in stoelz, 

Finishing and Packaging. Tyveatment of the board from the trim saws onward de- 
pends upon the type of product being made and the degree of mechanization the manu- 
facturer has applied to the operation. Coating of interior surfacing wallboard, for 
instance, is usually done by taking board from stock and running it through coating 
or painting equipment. In some instances the board passes directly from the trim 
saws to the painting operation emerging from the coater ready for packaging or work- 
ing to other sizes and shapes. In the case of exterior sheathing, some manufacturers 
pass the sheathing directly from the trim saws to an edge-beveling machine and brand- 
printing press, while others stock-pile the blanks and later draw upon stock for the proc- 
ess from beveling on. 

Sheathing, roofing insulation, and like items are not painted. Painted items are 
passed through a roll or spray coater, coated one side, and dried. Speeds above 100 
linear feet per minute are sometimes used in the coating operation. The paints are 
water-vehicle types of a greater or lesser degree of washability and are all flame- 
retardant. Most insulating board products are packaged by carton or wrapping. 
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Loose shipments are ocvasionally made in carload lots of items, such as sheathing or 
roofing insulation. 

Products, Specifications, and Standards. Standards, specifications, and testing 
methods bearing upon insulating board are listed below: (7) “Structural Insulating 
Board from Vegetable Fiber,” A.S.T.M. Designation C208-46T and C209-46T, 
(2) “Wiberboard: Insulating,” Federal Specification LLL-F-321b. (8) “Structural 
Fiber Insulating Board,” Commercial Standard CS 42-49, U.8. Department, of Com- 
merce. (4) “Structural Insulating Board (Wood or Other Vegetable Fiber),” Simpli- 
fied Practice Recommendation R179-46, U.S. Department of Commerce. (6) ‘Homo- 
geneous Fiber Wallboard,” Commercial Standard CS 112-42, U.S. Department of 
Commerce. (6) ‘‘Water Vapor Permeability of Sheet Materials Used in Connection 
with Thermal Insulation,’ A.S.T.M. Designation C-214-47T. (7) “Acoustical 
Units: Prefabricated,” Federal Specification SS-A-118a, Used for fire tests. (8) 
“Paint, Fire-Retardant, for Interior Fiberboard Surfaces,’ Navy Department, Speci- 
fication, General Specification for Inspection of Material MIL-P-11297(CE). (9) 
“Fiberboard Undercoursing for Wood Shingles,” FHA Bulletin No. UM-14. (10) 
“A Standard for Testing Sheathing Materials for Resistance to Racking,’ FHA 
Technical Circular No. 12. ; 

The six classes of insulating board made, and thicknesses obtainable, are shown in 
Table V (2). 


TABLE V. Insulating Board Products, Classes, and 'Thicknesses.” 











Type of board Class Thieknesses, in. 
Building board 4, 1 
Lath (for plaster base) Ww, 1 


Roof-insulation board 

Interior board (factory-finished) 
Sheathing 

Interior board (flame-resistunt surfaces) 


4, 1, 14, 2 
Yay Pas 1 
My * Ha 
My 34; 1 


ae yOWS 








* Abstracted from Commercial Standard C8-42-49, 


Uses. The major uses of insulating board are three in number: residential 
frame sheathing, industrial insulation under built-up roofing, and interior residential 
surfacings. 

Residential insulating board exterior sheathing is light in weight, gives a frame 
wall good racking strength, goes up rapidly, and provides extra thermal insulation. 
It is durable, has a good moisture vapor permanence, and has no knotholes or cracks. 
During World War II, considerable impetus was given the use of insulating board 
sheathing due to a scarcity of lumber sheathing. It now represents about one quarter 
of the market and has continued to increase in per cent of the market sold since the war. 
The use of integral and coating asphalts, introduced in insulating board sheathing 
since the war, materially improved the product and assists in maintaining and extend- 
ing its market. 

The second large use for insulating board, roofing insulation, is a recently devel- 
oped use for the product. Tt has grown rapidly due to the increased recognition roof- 
ing insulation has received in nonresidential construction. The popular thickness is 
1 in., but thicknesses from }4 to 2 in. are standard. Special low-density grades are 
made to improve thermal characteristics. The board is fastened down to the roof 
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by asphalt mopping or nailing. Frequently a water vapor barrier is placed below the 
insulation to prevent condensation taking place in the insulation. The waterproofing 
felts are applied to the top of the insulation by mopping. 

The third large use of insulating board is for surfacing interior residential build- 
ings. A large variety of sizes, shapes, and colors are available in the ceiling tile, wall 
plank, and square-edged sheets. The boards are all factory painted with flame- 
retardant paints. A lath is also made and used as a plaster base. Interior surfaces 
are nailed in place with wire nails or staples. Applications of acoustical tile are some- 
times made over plaster with adhesives. 

There are many other uses for insulating board, which include insulated siding, 
acoustical tile for sound control, die stock for the shoe industry, roof plank for flat 
roof residential work, formboard for pouring light-weight concrete or gypsum roof 
decks, cushioning material for packaging, and sound deadening in metal shapes. 


PLYWOOD 


Plywood is a well-known wallboard and is used extensively in the building in- 
dustry. Plywood, as the name indicates, is made up of thin layers of wood cemented 
together with a suitable adhesive. It has reached its present market, volume of 4-5 
billion square feet, 3g-in. basis, due to its light weight, strength, and workability. 
Widths up to 4 ft. “and lengths to 12 ft. are easily obtainable. Thicknesses range from 
to 1) in. with the popular wallboard thickness at 3g in. The 34-in. thickness is 
also used as a basis in figuring annual productions, just as a 1g-in. thickness is used 
in the hardboard industry and }4-in. in insulating board. 

Residential use of plywood was aided by the development of exterior-grade ply- 
wood in 1934 for exterior walls. In 1954, about 40% of the plywood used in new 
residential construction was for roof sheathing, 25% for sheathing on exterior wall 
surfaces, and 18% for floor underlayment. Plywood in 1954 represented about one 
quarter of the roof sheathing market, 

Plywood wallboard is used in nonresidential construction, also principally for 
concrete forms. Hardwood plywood wallboard is frequently used as interior paneling. 

See Plywood. 


GYPSUM BOARD 


The manufacture of tile and board from calcined gypsum (see Vol. 2, p. 767) is an 
old art. Wallboard products started about 1903 with the production of lath. Lath 
was followed in 1917 by the development of wallboard in the 4-ft. widths, up to that 
time considered too difficult for manufacture. Ten years later, the use of gypsum 
was extended to residential sheathing in a 2 ft. by 8 ft. by 14 in. size with interlocking 
long edges. Annual production has increased year by year, until in 1954 total sales 
of lath and wallboard reached a total of about 6 billion square feet. The largest 
manufacturer of the many well distributed throughout the U.S. is the United States 
Gypsum Company with the National Gypsum Company next largest. 

The popular sizes in gypsum wallboard are 4 ft. by 8 ft. by 4% in. or 34 in. wall- 
board and 16 in. by 48 in. gypsum plaster base (lath) board. Wallboard may be ob- 
tained in lengths from 6 to 12 ft. and in thicknesses of 14 to 5¢ in., lath in 3g and 4 in. 
Gypsum wallboard is also made with a tapered or square long edge and with plain or 
decorative surfaces. Both are also made with reflective insulating back surfaces. 

Gypsum board like asbestos-cement wallboard gains workability, toughness, and 
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strength by the addition of a tough fibrous element to,a hard, brittle base material, 
The gypsum board differs from the asbestos-cement product, however, in two impor- 
tant ways, First, the fibrous element of the gypsum board is concentrated at the sur- 
faces, while in the asbestos-cement the fiber is distributed throughout the mass; 
and second, the fibers of gypsum hoard are organic, while those of the ashestos- 
cement sheet are inorganic asbestos fiber, 

A unique feature of gypsum wallboard is the small change in the size of the board 
produced by changing moisture content. When a wall surface is covered with large 
wallboards and the wallboards are fastened together at the joints with a rigid con- 
nection, the joint strain is a product of the cross-sectional area, elasticity, and mois- 
ture movement of the wallboard, The low moisture movement of the gypsum board 
results in low joint strain when adjacent sheets are fastened together by a rigid joint 
treatment or all-over plaster coat. This led to the development of a locked joint 
system, where hydraulic setting, plaster-like putty combined with a reinforcing cloth 
or tape fastened adjacent sheets together producing an apparently continuous surface. 
The United States Gypsum Company’s Perf-A-Tape system is one such treatment, and 
National Gypsum’s Gold Bond Tape system is another, Such “taped joint” systems 
have become popular for finishing interior surfaces and are gaining in use displacing 
the more vostly plaster. 

Several improvements increased the performance of the gypsum boards and their 
use. Lath was perforated with 34-in. holes to increase plaster bond and fire rating, 
reflective insulation was made available on the back of some types of hoards, improved 
papers were supplied for exposed board surfaces, and a sheathing core of improved 
water resistauce produced by the use of the water contained in emulsions of asphalt to 
set the gypsum of the core. 

Gypsum hoards are rather heavy as wallboard products go, having a weight of 
about 2 lb. per square foot in a 4-in. thickness, A 3%-in. thick interior surfacing 
board 4 by 8 ft. weighs about 48 tb. Sheathing which is 14 in. thick is reduced in size 
to 2 by 8 ft. and a weight of about 33 Th. per sheet for easier handling. Gypsum also 
has a tendency to soften when wet. Jn interior wallboards this characteristic is not 
important, but outdoor use of unprotected gypsum sheets is usually avoided. 

Specifications for gypsum wallboard and lath are as follows: A.S.T.M. C36-42, 
gypsum wallboard; A.S.T.M. C37-42, gypsum lath; A.S.T.M. 079-42, gypsum 
sheathing; I*ederal Specification SS-P-431(1), gypsum plaster board; Federal Speci- 
fication SS-P-402(1), gypsum plaster. 

Raw Materials. The surface of gypsum lath and wallboard is a wood fiber paper 
made especially for the purpose. The paper must have a degree of absorption so that 
adhesion is developed between the paper and the core during manufacture. It is 
believed the crystals of the dihydrate, formed during setting and hardening of the 
gypsum, interlock with the fibrous structure of the paper and provide satisfactory 
adhesion, Usually adhesives are not necessary to hold the paper to the gypsum core, 
although sometimes starch or casein admixtures are added to the mixing water to 
improve the paper bond. The paper used on the surface of wallboard, to be exposed 
later on the wall surface, is often a smoother, lighter-colored paper. These special 
surface papers improve the appearance after application to the wall and make a supe- 
rior base for paint or paper. An overlay of decorative papers or veneers is sometimes 
applied to the finished dried board. 

The core of gypsum board is made from commercial calcined gypsum to which 
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has been added 10% or Jess of sawdust or some other fibrous material 1o lighten the 
core. Water is added in measured proportions to the powder weight to effect the 
hydration. Jintrainment of small quantities of air has also served to reduce core 
weight. Small quantities of other materials such as cascin, starch, and asphalt may 
be added to the gypsum core to improve characteristics of the core. 

Manufacturing Process. The manufacture of gypsum wallboard has one unique 
and difficult problem: the rapid hardening that takes place in forming with calcined 
gypsum and the consequent build-up of hardened gypsum, which is an accelerator for 
the hardening reaction, on all equipment with which the putty comes in contact. 
The rapid hardening is a two-sided effect, however, for it also provides a rapid process 
that lends itself to large-scale production. The forming problem was solved by the 
universal use of a continuous paper band upon which the gypsum “mud” is deposited, 
spread out level, covered with a top sheet of paper and allowed to sect. In this way all 
forming equipment is kept clean, and sticking of the core gypsum is avoided. 

Methods for the preparation of the gypsum core ingredients and subsequent 
mixing with water vary from mill to mill. Some use mixers of various familiar types 
to blend the powders and water, while other mills mix in the water on a mixing belt, 
The mixing belt can be kept clean with squeeze rolls and water sprays more easily 
than a batch mixer. However the core slurry is prepared, it always reaches a point 
where it is spread on a moving band of paper whose edges have been Lurned up to 
prevent edge escape of the gypsum slurry. After deposit on the paper, the slurry 
is smoothed out to a uniform spread across the paper, edge to edge. 

Next, the edge paper is again folded into the slurry of the core and a top paper 
applied. Further smoothing of top and edges then takes place to assure proper 
thickness and edge shape. The tapered edge can be applied at this point or the “V” 
grooved edge of sheathing. 

The gypsum wallboard or lath is now formed in an endless board. Long roller 
tables next allow time for the gypsum core to set and harden. The roller tables are 
often parallel to the drier, but travel of the board is in the opposite direction. Form- 
ing specds as high as 100-150 ft. per minute are used so that even though the set table 
may be 400-500 ft. long the set time is not long. Dryer temperatures have heen in- 
creased until now temperatiures may be 400°F. or more. Upon leaving the dryer, the 
board is cooled, packaged, or further processed and placed in stock. 

The gypsum wallboard process, like many other continuous processes, is simple 
in principle, but leads to numerous control and mechanical problems. The syn- 
chronization and quantity-of-ingredients control problems are complicated by time 
of set. in the gypsum. The amount of colloidal retarder required in the gypsum core 
varies from mill to mill and sometimes in a single mill where variations occur in the 
impurities present in the gypsum. 


WOOD-INORGANIC BINDER 


Wallboards composed of wood particles or strands cemented together with in- 
organic binders have a limited but growing production in the U.S. In Europe the 
production of this type of wallboard is far more extensive due primarily to competitive 
factors. Germany alone has nearly 300 manufacturers in the business, most of them 
small producers for local consumption. The U.S. had nine manufacturers in 1954 
with a comparatively small total production. 

Wood is used as an aggregate im cement, replacing the normal aggregates of stone 
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or sand, to obtain a material of lighter weight, greater toughness and strength, and 
much better workability. The wood aggregate is largely of the wood strand or ex- 
celsior type, although much shorter strands that have better forming properties in 
manufacture are sometimes employed for the purpose. Sawdust and other granular 
wood particles do not produce sufficient strength to compete with the strand aggregate 
for the manufacture of wallboard. Owing to the physical properties resulting from 
the strand wood ageregate, the material can be formed into relatively thin sheets and 
is suitable for many wallboard purposes. Each strand of wood is coated with the 
inorganic binder and thus protected from microorganisms that destroy wood, and to 
some extent from fire. The rough surface customarily produced provides large sur- 
face voids. These voids give an excellent key for stucco or plaster application, 
or, if uncovered, a good degree of sound absorption. The wood aggregate is of suffi- 
cient size to hold nails nearly as well as solid wood. Sawing and cutting is not as 
easily done as in solid wood and tends to dull carpenters’ tools. The cut ends and 
edges are rough and sharp to handle due to the size and stiffness of the wood strands. 
The board is, however, classed as “workable” in that it is not seriously difficult to work 
with carpenters’ tools, 

Inorganic-wood strand wallboard is made by processes that lend themsclves to 
large- or small-scale manufacture by hand methods. This unusual fact has resulted 
in the widespread, small-scale manufacture in Europe. 

The inorganic-wood strand wallboard is made in 20-48-in. widths and 48-96-in. 
lengths. The popular thickness is 1 in., but 14~-8-in. thicknesses are obtainable. 
The density varies from 24 to 42 lb./cu.ft., the thermal conductivity from 0.45 to 
0.55 B.t.u./(hr.)(sq.ft.) (°F./in.), and the noise reduction coefficient may be as high 
as 0.60. 

Raw Materials. The inorganic binders are many and varied. The principal 
binders are portland cement, calcined gypsum, magnesite, magnesium oxychloride, 
and magnesium oxysulfate, A binder that hardens rapidly is preferred because of the 
simplified process that results, The magnesium binders are somewhat limited in 
availability in certain areas, but gypsum and portland cement are generally available. 
The ratio of binder weight to wood weight ranges from 2:1 t0 3:1. 

Wood excelsior of widths up to }4 in. and thicknesses up to 4/9 in.-is the prin- 
cipal aggregate. The fiber excelsiors are preferred for acoustical boards and some 
wallboards because they produce a smoother appearance. The wood itself is of many 
species depending upon availability and compatibility with the inorganic binder. 
Certain woods containing acids and soluble sugars, for example, are unsuitable for 
use with a portland cement binder, Very small amounts of wood sugars will retard or 
completely inhibit the hardening of the cement. Thus a slight hydrolysis of gums or 
hemicelluloses may be responsible for unsatisfactory results. Oak, southern pine, and 
larch are not suitable for a portland cement binder, while cottonwood, aspen, ash, and 
gum give good results. Treatment of unsuitable woods chemically or by cooking or 
washing does not often improve their characteristics, and increases costs, 

Excelsior has an undesirable springy quality plus a tendency to tangle and lump. 
The springiness presents a problem in manufacture due to the difficulty in maintaining 
the compressed thickness necessary for smoothness and density. The net result is the 
cement-covered, wood-strand mat must be held under pressure until the cement has 
gathered enough strength to maintam the compressed state, To avoid maintained 
compression, some makers have tried to reduce the length of the excelsior strands. 
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This has resulted in some decrease in the difficulty of mixing and spreading the strands; 
but these benefits are accompanied by some loss in strength, and maintained compres- 
sion is still necessary although shortened. 

A further change in the wood particle shape has been made in Europe. Wood in 
the form of kraft pulp is combined with inorganic binders. Often asbestos fiber is 
included as well. In this case formation is done by a wet-felting machine and repress. 
The problem of spring-back is eliminated because maintained pressure is not neces- 
sary during curing. A wallboard of the kraft fiber type is that made by Eternit, 8.A,, 
Belgium, known as Emsen board. An example of excelsior board made in Germany 
with a magnesium oxysulfate binder is the Herkalith board made by the Herkalith 
Company. In the United States an excelsior board with calcined gypsum binder, 
Tectum, is made by the Alliance Manufacturing Company, Ohio, and a portland 
cement-excelsior board, Cemex, by the Cemex Corporation, Illinois. 

Manufacturing Processes. The manufacture of wood—inorganic binder boards is 
quite varied, no two processes being alike in more than a general way. This is due to 
the variation in the requirements of the binder, type of wood aggregate, availability 
and cost of labor, and the size of the market. The largest group having similar manu- 
facturing methods is that of the makers using excelsior aggregate. Variations are 
present in this group also, but the processes are basically similar. All begin with 
excelsior, untangle it to some extent, then apply the inorganic binder. There are 
many ways in which the binder is applied to the excelsior. One method wets the ex- 
celsior with water and causes it to fall through a suspension of dry cement in air; 
another tumbles the wet excelsior with dry cement; and still another tumbles dry 
excelsior with a thin slurry of the cement in water. In one way or another the ex- 
celsior and cement are combined and passed to the sheet~forming equipment. 

The small-scale makers employ molding pans in which is spread by hand as evenly 
as possible the tangle of excelsior strands which have been previously coated with the 
inorganic binder. A plate of wood or steel is laid on the pan, the pans are piled one 
upon another, and pressure is applied until the plates rest on the pan edges or against 
stops. The pile is then clamped and the stack set to one side until the cement has 
hardened enough to maintain the compressed size of the mat. When the cement has 
hardened sufficiently, the boards are removed from the pans, dried, and trimmed. 
Drying may be postponed until after a hardening period is allowed for the cement. 
The pans are cleaned and returned to the process. A variation of this process is one 
in which a tall stack of pans is formed, the weight of the pile’ being more than ample - 
to supply the necessary compression. Newly filled pans are introduced to the bottom 
of the pile and hardened sheets taken from the top of the pile. The pile height is often 
20-40 ft. depending upon the pressure and time required for the cement to harden. 

In large-scale operations the cement-coated strands of wood are mechanically 
deposited more or less uniformly on a moving stecl or rubber belt. A top moving 
belt supplies the compression, and the whole moves forward until the cement has hard- 
ened enough to hold the compressed thickness. Fast-hardening cements such as 
calcined gypsum or magnesium oxysulfate are especially useful in this process as better 
speeds can be maintained with shorter belts. Heat is sometimes applied to the com- 
pressed mat to hurry the hardening of the binder. The Herkalith Company in Ger- 
many belt-forms the mat using magnesium oxysulfate as the binder, The belts hold- 
ing the mat in compression pass through a heated tunnel where the binder hardens. 
The hardened sheet is cut to length and is passed toa dryer. Emerging from the dryer 
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the sheet is cooled, trimmed, and placed in stock. Thus the process is truly con- 
tinuous. In a variation of the high-stack method the stack of molds is enclosed, and 
heated air or steam passed upward through the chimney surrounding the stack of 
molds to accelerate cement hardening. 

The shorter wood fiber strands do not change the excelsior methods materially. 
Compression forces are reduced and hold-down times shortened, but otherwise the 
processes are similar. ‘The fine wood fiber boards such as the Belgium Emsen board 
require an entirely different process, the only similarity being the ingredients of the 
board, wood, and inorganic binder. This process consists of dry-mixing the cement, 
wood, and asbestos fiber; then adding water in excess to form a thin slurry. The 
slurry is run to one or more vats, in which turn wire-faced wheels. The hydrostatie 
head acting on the wheels forces stock against the wire. Most of the water passes 
through the wire into the interior leaving the stock on the wheel. Pumps remove the 
water from the wheels maintaining the hydraulic differential inside and out. A felt 
picks up the stock deposited on the wire of the wheels and transports it to a large 
accumulator roll where the stock is again transferred, this time from the felt to 
the accumulator roll. By depositing the stock through a number of revolutions of the 
accumulator roll, a variety of thicknesses can be made. The sheet is then stripped 
from the accumulator roll and piled with plates and flat wires for repressing. 

Uses. The excelsior type wood-inorganic binder board is the only one produced 
extensively in the U.S. The major present use is for roof decks under built-up roofing. 
For this purpose thicknesses of 114-8 in. are common, ‘Thinner boards will serve as 
form boards in casting concrete or other light weight inorganic yoof slabs. Exterior 
sheathing under stucco is another application for the thinner boards and as a plaster 
base for interior plastering. Stucco or plaster base boards require a metal mesh over 
all joints to prevent cracking. The thinner sheets are also suitable for rough flooring 
hecause of good nail holding and spanning strength. A rough floor having a leveling 
coat of 14 in. of cement makes a good base for floor tile application. In waterproof 
binder types the board is suitable for roof boardimg under shingles. 

The unusual properties of the excelsior boards are their resistance to fire and rot, 
and their acoustical absorption, These properties combined with comparatively good 
strength and workability indicate the many uses to which the wood — inorgani« hinder 
wallboard can be put. 


ASBESTOS-CEMENT BOARD 


Asbestos-cement wallboards are unique among the wallboards generally avail- 
able in being completely inorganic and highly weather resistant without any surface 
treatment. They are therefore entirely incombustible and are not damaged by water. 
They are made in 44-14 in. thicknesses and in size 4 by 8 ft. and smaller, and are 
usually a light gray color natural to portland cement but can also be obtained with 
integral and surface colors. 

The physical properties that established asbestos-cement boards as wallboards are 
hardness, toughness, bending strength, workability, and fire and water resistatice. 
Toughness and bending strength allow use of thin boards, making a comparative 
light workable wallboard of normally heavy unworkable materials, while the other 
properties contribute to serviceability. 

The most popular asbestos-cement wallboard for residential use is 44 in. thick and 
4 by 4 ft. or 4 by 8ft. This board is used for wainscoting and wall application, door 
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veneer, cabinets, and other such uses. The thicker sheets are prefabricated for office 
partitions and wall structures of other types. They are also used in marine walls for 
fire safety. 

See Asbestos-cement products. 
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WALNUT (ENGLISH) OIL. See Fats and fatty oils, Vol. 6, pp. 144, 147. 
WARFARIN. See Poisons, economic, Vol. 10, p. 873. 
WAR GASES. See Gas warfare agents. 


WASTES, INDUSTRIAL 


The term industrial waste is gencrally understood to refer specifically to the liquid 
waste produced as a result of some industrial operation, ag distinct from an industry’s 
solid refuse or its gases, fumes, and vapors. Like municipal sanitary sewage, most of 
such liquids must ultimately be disposed of into rivers or other water courses. The 
liquid wastes of a community, whether domestic sewage or industrial wastes, should 
receive appropriate treatment before discharge into streams in order to prevent gross 
pollution. The treatment methods for domestic sewage are based on a fundamental 
and growing body of knowledge. These methods, however, are not suitable for all 
industrial wastes, which are quite varied in character, Frequently a new industrial 
process development will procuce a waste that is not amenable to treatment by any 
of the conventional methods. For such wastes, laboratory investigations followed by 
pilot-plant studies must precede final design of treatment works. See also Sewage; 
Smokes and fumes. 

According to a 1948 survey, 70 million persons in the U.S. live in communities 
served by sewerage systems, and the number of persons so served increases more rapidly 
than the national population. In the same year, the population equivalent of the 
nation’s industrial wastes, on the basis of organic strength of the waste, was estimated 
to be 55-60 million people. This comparison does not fully express the magnitude of 
the industrial wastes problem. Many constituents of industrial wastes, without coun- 
terpart in domestic sewage, are not represented by the “population equivalent.” Yet 
many of these constituents are responsible for the most detrimental effects of industrial 
wastes. ‘The volumes of process water per unit of manufactured product are generally 
well known. Except for some rinse and cooling waters that may safely be discharged 
into storm sewers, most process waters end up as a waste requiring specialized treat~ 
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ment and disposal methods. The volume of a waste, together with its composition 
and concentration, is the measure of each particular problem (see Table I). 

Broadly stated, pollution of streams with industrial wastes degrades the physical, 
chemical, and biological qualities of the receiving waters. This degradation gives 
rise to a variety of economic problems that are the concern of all communities and in- 
dustries downstream from the point of pollution. The most apparent of these prob- 
lems is the damage to the quality of the stream and its fitness for subsequent domestic 
and industrial use. Depending on the character of the pollutional material, this dam- 
age may take the form of increased concentrations of hardness and encrustants, in- 
creased color and turbidity, increased corrosiveness, increased concentration of taste- 
and odor-producing substances, and dangerously high concentration of toxic sub- 
stances. In extreme pollution such as in the Merrimac and Raritan rivers, the pol- 
lutional load in some sections has risen to levels that will not permit the use of the water 
for municipal or industrial purposes. In less extreme instances of pollution, existing 
water purification plants are unable to remove enough of the increasing pollutional 
load to produce satisfactory water. This has been notably true with respect to taste- 
and odor-producing substances. 

The second type of problem resulting from industrial pollution is the changes 
produced in the biological balance of the receiving stream. These may come about 
because of siltation and the laying-down of sludge blankets over spawning beds; 
they may result from a marked shift in the pH of the water; they may be due toa 
lowering of the dissolved oxygen content of the stream; or they may be due to cumu- 
lative toxic effects of certain pollutants. In extreme cases, such changes drive out or 
kill off the normal biological fauna and exhaust the capacity of the stream for self- 
purification. Jn these latter cases, the effects of the industrial pollution will be felt 
far downstream from the point of pollution; they may extend down to tidewater and 
destroy a thriving shellfish industry. It is this aspect of pollution problems that re- 
ceives the attention of the fish and wildlife interests. 

Such changes also cause a loss of recreational assets of downstream communities. 
In increasingly populous and industrialized areas, boating, swimming, camping, and 
the like become rarer pleasures, and natural facilities for such outdoor sports take on 
increasing importance in the conservation movement, 

Loss of property values results downstream from points of severe pollution. | 
Under common law and the “reasonable use” rule, riparian owners are entitled to 
recover damages for such losses. Beyond the individual owner, however, there is the 
cumulative logs to the community of declining property values. 

Finally, the relationship between an industry’s waste and the receiving stream and 
the costs of the intervening treatment required have a marked effect on industrial 
operations. It is one of the factors that enters into site selection for new plants or the 
enlargement of existing plant facilities and capacity. Ultimately the cost of industrial 
waste treatment is a part of the cost of production. When waste treatment costs 
mount to the point that they represent a sizable fraction of production costs, the re- 
sultant product may be in a poor competitive position. 


Classification of Industrial Wastes 


Industrial wastes can be classified according to the biological, chemical, and physi- 
cal properties that may contribute to degradation of receiving waters. Although 
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it is not always possible to translate properties of waste into terms of effeciis on re- 
ceiving waters, for purposes of classification the properties are treated as if the pollu- 
tion potential of a waste is either directly proportional to the intensity of its com- 
ponents or represented by a designated standard test. The numerous properties 
possessed by some industrial wastes may require their inclusion in several classes. 

Biological Properties. Bzologically Oxidizable Material. Discharges containing 
material that can be oxidized when utilized as substrate by bacterial flora are classified 
as biologically oxidizable. Dissolved oxygen present in natural waters serves as the 
source of oxygen for this process. The vast majority of industrial wastes are classed 
within this group. 

Wastes that may undergo biochemical oxidation are sometimes termed “ organic” 
wastes, since many organic compounds are readily oxidized through biochemical ac- 
tion. In this definition the term “organic” is inexact hecause organic compounds 
differ widcly in their susceptibility to biological decomposition and some inorganic 
substances, such as ammonia, are subject to biochemical oxidation. The pollutional 
potential of these wastes containing significant amounts of biologically oxidizable 
materials is usually evaluated from a standard 5-day biochemical oxygen demand 
(BOD) determination. Examples of wastes in the organic pollution group are those 
from dairies, distilleries, pharmaceutical houses, canneries, and pulp and paper in- 
dustries. 

Pathogenic and Indicator Organisms. Discharges which may contain pathogens 
or saprophytes commonly employed as indicators of contamination—such as organ- 
isms of the coliform group—are included in this category (see Water (municzpal)). 
Wastes from slaughterhouses and tanneries are examples of wastes that might be 
classed within this group. 

Chemical Properties, Tozic Substances. Discharges containing substances 
that interfere directly, or through synergistic action, with the native aquatic population 
of receiving waters may be classed as toxic wastes. Exhaustive studies are required 
to evaluate toxicity in quantitative terms. Many of the existing standards pertaining 
to toxicity are of an empirical nature. Examples of toxic substances present in some 
industrial wastes are acids, alkalies, eyanides, salts of heavy metals, sulfides, fluorides, 
and phenolic compounds. Toxicity is frequently associated with wastes from metal 
finishing industries, coke and gas plants, petroleum refineries, and tanneries. 

Salinity and Hardness. Discharges containing relatively high concentrations of 
salinity and/or hardness can impair the quality of lower riparian potable water sup- 
plies. Examples of wastes that may fall within this classification are oil field brines, 
acids, alkalies, mine drainage, and brine from ion-exchange units, 

Acid wastes, such as those from steel pickling and coal mining drainage that contain 
only inorganic compounds and no toxic metals, may have serious effects on the biota 
of a stream because of the lowering of the pH. By reducing or stopping the natural 
self-purification processes in a stream, these wastes retard the biological stabilization 
of accompanying organic wastes, and the pollution effects are extended farther down- 
stream. 

Physical Properties. Temperature. Discharges that alter the temperature of 
receiving waters to an extent sufficient to interfere with the native aquatic population 
may be classed as temperature pollution. These wastes include condenser discharges 
and boiler blow-down, 


Films and Scum. ‘The presence of a separate phase floating on the surface of a 
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watercourse indicates film or scum pollution, Such conditions are frequently pro- 
duced following discharge of wastes containing solvents, oils, or greases. 

Turbidity. Discharges that increase the optical density of receiving waters by 
virtue of the presence of fine suspended material (usually colloidal) can be classified 
as turbidimetric pollution. Turbidity is determined from a measurement of optical 
density. Examples of this type of discharge are those from hydraulic mining opera- 
tions, coal washeries, carbonization of coal, and petroleum refineries. 

Suspended Solids. Discharges that contain undissolved solids, or that through 
interaction with constituents present in natural waters result in the formation of in- 
soluble solids, can be classified as suspended solids pollution. Suspended solids are 
separated by filtration through a gooch erucible and determined gravimetrically. 
Iixamples of wastes containing suspended solids are those from coal washeries, pulp 
and paper mills, metal pickling processes, canneries, and wool scouring. 

Color. Discharges that impair the natural color of receiving waters are classi- 
fied as color pollutants. The character and intensity of color are evaluated from stand- 
ard optical density determinations over the visual waveband of the spectrum. Ex- 
amples of colored wastes are those from dyeing operations, canneries, and from chemi- 
cal and explosive manufacture, 

Taste and Odor. Discharges that impart taste or odor to receiving waters or 
that contribute to taste or odor in lower riparian potable water supplies are classified as 
taste and odor pollution. Substances such as phenolic compounds, solvents, petro- 
leum products, and reduced sulfur compounds can impart taste and odor to water 
although present in minute concentrations. 

A comparison of industrial wastes is presented in Table I. Industrial wastes 
vary from time to time and from plant to plant; hence, the values presented are 
intended to be indicative of the general expected order of magnitude. 


Treatment Aims and Methods 


Broadly stated, the plan for handling a particular waste aims at: (1) minimizing 
the total volume and concentration of waste produced, (2) recovery of potentially val- 
uable fractions of the wastes for re-use or by-product development, and (8) most eco- 
nomical treatment of the remainder, consonant with water resource conservation. 

The methods employed fall into the following categories. 

Reduction of Volume of Wastes. A careful analysis of the points in an 
industrial process at which water is‘ used will frequently reveal economies 
that can be effected without sacrifice of product quality. The elimination of 
leaks in water piping or unnecessary use of water, more efficient use of water through 
countercurrent washing tanks, and re-use of batch solutions that can be made up to 
required strength are typical of methods that reduce the cost of water employed in a 
process and simultaneously reduce the cost. of treatment of the resultant waste. Cool- 
ing and condensate waters should also be segregated from process waters for separate 
discharge if they are of sufficiently good quality to justify such discharge, and their 
quantity is great enough to justify the added cost; of separate collection. 

Waste Recovery. In some industries, certain fractions of the wastes have been 
found to contain materials that can be recovered. Calcining of lime sludges, recovery 
of caustic soda from wastes from the kiering of cotton cloth, and recovery of oil from 
wastes are examples. Usually the cost of recovery is somewhat more than the cost of 
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equivalent fresh material but the concomitant reduction in cost of waste treatment 
justifies such recovery processes. 

By-product Recovery. Materials recovered from a waste are frequently nol good 
enough in quality for re-use but may be recovered economically for by-products, as 
illustrated by segregation of skim milk, buttermilk, and whey from mill industry 
wastes, the conversion of blood and paunch contents from slaughter houses into fer- 
tilizer, and the production of animal feed from brewery and clistillery wastes. Again, 
although the value of the by-product alone may not justify the cost of recovery, the 
reduction in cost of waste treatment necds to be taken into account. 

Segregation of Waste. Ju a large industrial plant there may be several classes of 
waste varying in volume, strength, and toxicity. One may be readily amenable to 
biological treatment with domestic sewage, another may be quite inimical to such 
processes, and another may have value for by-product recovery. Careful study of 
their characteristics may indicate that each waste should be handled and treated 
separately. Thus at a plant making woolen blankets, the wool scouring waste may 
he processed by acid-cracking or centrifugation to yield wool grease before allowing 
it to became mixed with waste dye batches. It is especially uecessary that any toxic 
wastes be segregated. All such segregation requires careful planning of separate plant 
sewer systems. 

Neutralization. Jn many industrial processes operating on a bateh basis, the 
production of wastes is not uniform in time but is necessamly discharged to the plant 
sewers periodically in “slugs.” Where some batches are acicl and others are alkaline, 
or where some contain reducing agents aud others oxidants, a beneficial self-neutraliza- 
tion may be effeeted if the wastes are pooled over a 24. hour or preferably longer period. 
This requires the provision of a detention basin of capacity equal to the volume of 
waste produced during the pooling period. Because thermal or density stratification 
may limit thorough mixing and neutralization, some form of mechanical mixing in- 
creases the effectiveness of the basin. Diffused air acration is excellent for this pu 
pose since it generates turbulent mixing, prevents sedimentation of suspended solids, 
and supplies dissolved oxygen to wastes that would otherwise become septic during 
the detention period, In addition to neutralization, detention and mixing over an 
adequate period produce a waste of relatively uniform composition. 

Equalization of Flow. Detention tanks also provide the means of regulating the 
flow of wastes to the treatment works. Biological treatment works operate at much 
higher efficiencies when the rate of flow and the composition of the waste are constant, 
Where mixed industrial wastes are released'‘from detention tanks to municipal sewers 
for dilution and treatment with domestic sewage, it is often desirable that the release 
rate be proportional to the flow of domestic sewage. Thereby uniformity of dilution 
of the waste in the sewage is achieved and more efficient treatment can be effected. 

Complete Treatment. Industrial plants so located ag to be inaccessible to munic- 
Ipal sewers should provide suitable treatment of their waste before release to a re- 
ceiving stream. Moreover, municipal sewer ordinances may regulate the type of 
wastes that, are admissible into the sanitary sewer system and may exclude those that 
are inimical to combined treatment with domestic sewage. Industrial plants pro- 
ducing wastes that are thus excluded may be required to provide suitable treatment 
before release to a receiving stream. 

Partial Treatment. Short of absolute exclusion of certain industrial wastes from 
municipal sewers, local ordiuances may require that industries provide partial treat- 
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ment of wastes so that the resultant treated effluent can be handled in combination 
with domestic sewage, 

Treatment with Domestic Sewage. Many industrial wastes can be more effec- 
tively treated in combination with domestic sewage than alone. This is the case 
where the industrial waste lacks nutrients such as carbon, nitrogen, and/or phos- 
phorus essential for bacterial nutrition. Domestic sewage, because of its heteroge- 
neous composition, will provide these essentials, provided the ratio of industrial waste 
to domestic sewage is not excessively high. . 

The following discussion of specific treatment methods reviews more specifically 


the range of these methods with illustrations of typical wastes with which they have 
proven effective. 


Treatment Techniques 
TREATMENT WIFH DOMESTIC SEWAGH 

No In-plant Pretreatment. The discharge of industrial wastes into municipal 
sewers in most instances is the most satisfactory method of disposal, particularly 
where the wastes require treatment before they can be discharged into a stream, How- 
ever, unless satisfactory financial arrangements can be mace and the industrial wastes 
received in a manner in which the treatment plant can handle them, those responsible 
for the operation of a municipal disposal system cannot be expected to subscribe to 
the general statement mare above. The minimum pretreatment required is that 
necessary to render the waste harmless to the sewerage system, the plant operation, 
and the receiving stream. This minimum pretreatment should include: (/) removal 
of materials that will clog the sewers, either by sedimentation or deposition on the 
sides, such as grit, sand, pulps, greases, and tars; (2) removal of materials such as 
acids and abrasives, that may damage the sewage collection and treatment structures; 
(3) removal of hazardous wastes, including volatile, flammable or toxic materials; 
(4) removal of toxic materials that will appear in large enough concentrations to affect 
the sewage treatment process or the receiving stream; and (4) removal of materials 
that will exceed the treatment capacity of the sewage plant and impair its efficiency or 
pre-empt its capacity in an inequitable manner. 

In addition to these minimum conceivable pretreatment requirements, acditional 
treatment may be needed to meet the standards of waste quality set by the munici- 
pality. 

Pretreatment can often be made unnecessary or be kept to a minimum if certain 
in-plant precattions are taken to minimize the effect on the sewerage system or treat- 
ment plant, Many precautions apply not only to discharges into sewerage systems 
but also to any industrial waste problem. These include: (1) equalization of waste 
load preferably measured by the weight of BOD or suspended solids discharged per 
unit of time; (2) equalization of flow compatible with equalization of load; (3) stor- 
age and mixing as necessary to equalize loads, to permit interaction of wastes (such 
as acids and alkalies, oxidants and reductants}, and-to effect dilution of highly toxic 
materials (such as cyanides, aniline, and phenols); (4) separation of special highly 
concentrated or toxic wastes for disposal by means other than discharge to sewers or 
for individual pretreatment; (4) reduction of waste load by improved product han- 
dling, better in-plant housekeeping, and special employee training for waste control 
and reduction; and (6) reduction of waste load by process changes and manufacturing 
techniques specially designed for waste control. 
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Equalization of waste load, particularly with biological sewage treatment methods, 
is one of the most important requirements if pretreatment is to be avoided. The 
amount of equalization necessary will depend upon the relative sizes of the industrial 
waste load and the total load received at the treatment plant. For example, a large 
dairy (300,000 Ib. of milk per day) in a very large municipality (1 million population) 
should be able to discharge its wastes, including the whey, inlermittently without 
adversely affecting the sewage treatment plant because of the large dilution ratio 
and the long travel time of the sewage. On the other hand, a small dairy (20,000 lb. 
of milk per day) in a small city (10,000 population) would probably be required to 
equalize the discharge carefully and might be prevented from dumping the whey. 
Although equalization of waste load over the entire 24 hours is considered desirable, 
sometimes controlled discharge during the off-peak hours at night can be advanta- 
geously used. Such practice is generally limited to small or medium-sizedsystems where 
flow periods are relatively short and the industry is relatively large. Although these 
special equalization methods require good cooperation between the industry and the 
municipality, and careful control, their mutual advantages to both the industry and 
municipality are obvious. 

With In-plant Pretreatment. If an industrial waste cannot be modified enough 
to meet the specifications set by the municipality short of using techniques of treat~ 
ment which were previously discussed, then pretreatment of the waste is necessary, 
The amount of pretreatment desirable is usually only enough to permit the waste to 
be discharged. Even when special charges are macle for handling industrial wastes, 
it is generally unlikely that the industry can treat the waste at less cost than the mu- 
nicipality. Thus it is not economical to provide more pretreatment than is actually 
required, except under very unusual circumstances. 

Pretreatment can be divided into three gencral categories, physical, chemical, and 
biological. 

Physical pretreatment is generally limited to fine screening, settling, and skimming, 
and is used mainly to remove materials that would clog sewers, impair operation of 
treatment plant units or machinery, or be a hazard because of their volatility. 

Screening is most successfully applied to the removal of organic solids such as those 
occurring in canning and papermaking operations. 

In canning practice, 40-50-mesh vibrating screens have gained wide acceptance, 
while for fibrous solids, such as those in paper wastes, rotary screens of 60-80 mesh 
with liquid flow from the outside of the screen to the inside are considered superior. 
Fine screens should provide for continuous mechanical removal of the screened solids, 
be self-cleaning as far as possible, should require a minimum amount of supervision, 
and be rugged enough to run continuously without excessive maintenance. Screens 
that do not have these qualities can only be considered as makeshift or temporary 
expedients and will not perform satisfactorily. 

Settling (Pretreatment). Sedimentation is most frequently used for removal of 
heavy solids such as grit which will settle out in sewers. Elaborate mechanically 
cleaned grit chambers may be employed where the amount and character of the ma- 
terial warrant their use. Many industrial waste grit chambers are merely tanks 
or pits that act as combined mixing, equalization, and grit-removal devices, Periodic 
cleaning is required, but their use is often satisfactory for removal of moderate quan- 
tities of grit from industrial wastes that do not have settleable organic solids. Me- 
chanically cleaned sedimentation chambers for the removal of settleable solids are 
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rarely used ahead of municipal sewers, because the removal of such material is not 
generally required, nor is it economical to do so. Certain situations may dictate 
pretreatment by sedimentation for removal of settleable solids, such as recovery of 
valuable materials, removal of precipitated toxic metals, and protection of an over- 
loaded sewage treatment plant. 

Sedimentation is often practiced in conjunction with lagooning prior to discharge 
into sewers. In such instances the settled solids are usually an unwanted by-product 
of lagooning, which is generally used for flow and load equalization, mixing and chemt- 
cal interaction. Lagoons are effective for such purposes, but their practicability is 
often influenced by sedimentation and sludge removal problems. 

Skimming or flotation is often referred to as‘ reverse sedimentation.” Where oils, 
greases, or other floatable materials that; should be excluded from sewers are to be 
removed by pretreatment, a tank, lagoon, or special flotation device is required. 
Where the floatable materials are not excessive, a single baffled outlet on a sedimenta- 
tion tank or lagoon is all that is required. Skimming can be by hand or semiautomatic 
through some type of surface draw-off device. Where floatable materials must be 
continuously removed in significant quantities, mechanically skimmed sedimentation 
tanks, oil separators, or special flotation tanks should be used. Although skimming 
devices are often simple to construct, special attention should be given to their use 
because of the hazards involved, principally from fire. Since oil or other flammable 
products are usually involved, fire problems must be considered. Although enclosed 
skimming devices reduce the fire hazard, they are more difficult to clean and maintain 
and are likely to be left unattended and forgotten. Unless enclosed units have an 
easily operated and controlled skimming arrangement and proper facilities for easy 
inspection, they cannot be counted upon to perform satisfactorily. 

Chemical pretreatment before discharge into sewers covers a wide range of problems, 
but most of these fall into three general categories: neutralization of acids or alkalies, 
removal of oxidants and reductants (principally reductants), and removal or change 
of toxic constituents (for example, cyanides and heavy metals). 

Where chemical pretreatment is required, flow equalization and waste mixing are 
often advantageous and in many instances necessary. Sometimes this is all that is 
required because sufficient chemicals occur in the total waste to effect the necessary 
neutralizations or other desirable reactions. When further treatment is required, 
prior equalization simplifies the control of the treatment process and saves chemicals. 

Usually neutralization of acid is the problem, and since lime and limestone prod- 
ucts are the cheapest virgin alkaline materials, they are most often used for this pur- 
pose, Since sulfuric acid is the most prevalent waste acid, neutralization problems 
arise when lime is used for neutralization because of the relative insolubility of cal- 
cium sulfate. Calcium sulfate scaling problems can be reduced by the use of dolo- 
mitic lime and by control of the sulfuric acid concentration of the waste. Crystal 
seeding with gypsum crystals or previously precipitated calcium sulfate also has been 
shown to control scaling and reduce the volume of sludge produced. Upflow lime- 
stone beds provide a simple economical means for the neutralization of waste acids. 
With sulfuric acid their use is limited to dilute acid ranges because of calcium sulfate 
precipitation on the limestone particles, which inactivates the bed. Sulfuric acid 
concentrations of over 2,000 p.p.m. may cause difficulties, and 5000 p.p.m. is about the 
upper limit for upflow beds. Excess sulfate or calcium ions in the acid waste will 
reduce these limits because these ions will reduce the solubility of the resulting sulfate 
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Allsalies offer fewer problems for disposal into sanitary sewers because they do 
not attack sewer structures, and often all that is required is simple equalization of dis- 
charge. Where neutralization is required, sulfuric acid is usually employed because of 
its low ¢ost. Waste flue gas has also been used in special instances, but the low cost of 
the neutralizing agent (carbon dioxide) is partially offset. by high installation costs. 

Oxidizing and reducing agents in industrial wastes can cause problems when 
discharged into sewers, Since sewage itself coutains many reduced compounds, 
oxidizing agents are not generally as troublesome as reducing agents. Usually equal- 
ization of flow and load, or storage and mixing with reducing substances discharged in 
the waste, will solve most problems. When such measures fail, segregation and sepa- 
vate disposal, or treatment with some reducing substance such as sulfite, bisulfite, or 
even sulfide may be necessary. Unless the oxidizing substance interferes with the 
sewage treatment process, there is no reason for reducing it by pretreatment. Since 
one of the chief aims of sewage treatment is to raise the oxidation level, an oxidant 
may he a help to the process if it does not appear in such high concentrations as to be 
dangerous or biologically toxic. 

Reducing agents on the other hand are quite troublesome when discharged into 
scwers, even though they are not generally considered toxie to biological life. Re- 
dhced compounds add to the oxidation requirements of the treatment process, lead to 
conditions that give rise to odors and other nuisances both in sewers and at the treat- 
ment plant, and make disinfection by chlorine difficult and expensive. 

Reductants can be pretreated in much the same manner as oxidants except that 
any chemical treatment must be used in a reversed mauner. Reduced sulfur com- 
pounds both inorganic and organic are most frequently encountered. Because so 
much oxidation is required to treat sulfides adequately either chemically or biochemi- 
rally, these compounds are often removed by acidification followed by scrubbing with 
caustic solutions. 

Oxidation by chlorine or some other chemical oxidizing agent is frequently used. 
The speed and simplicity of operation and the completeness of oxidation makes chlo- 
rine a good treatment for wastes containing reduced compounds. ‘The cost of chlorine 
is often an important factor, and it may offset the advantages. his is particularly 
true for highly reducing compounds such as sulfides which use almost 9 p.p.m. of 
chlorine for each p.p.m. of sulfide oxidized to sulfate. 

Simple aeration is also frequently effective for removal since both oxidation and 
scrubbing actions are involved. One disadvantage in-many treatment operations for 
removal of reduced substances is that a water pollution problem becomes an air pollu- 
tion problem. 

Biological Pretreatment. Toxic substances can be troublesome when received at 
sewage plants because many systems rely on biological methods for their treatment. 
liven though no biological problems are involved at the plant, the receiving streams 
may be atfected by the discharge of toxic substances. Again, equalization of flow and 
toxie load or segregation and separate disposal of major offending wastes may be all 
that is required to solve toxicity problems. Pretreatrnent methods are similar to those 
used in regular industrial waste treatment practice (see p. 906). 

Chemical and biological pretreatment to reduce the solids and BOD load dis- 
charged to sewage systems follows much the same pattern and methods as full in- 
dustrial waste treatment, except that the treatment need not be as complete and the 
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resulting sludges do not have to be separated but can be discharged with the total 
waste for subsequent removal at the sewage treatment plant. 

Some toxic substances, such as copper, must be removed by precipitation, settling, 
and sludge removal before discharge into sewers. This is because of toxicity to sludge 
digestion processes at the sewage treatment plant. This requirement will not be nec- 
essary if biological methods are not used for sludge disposal. 


SEPARATE TREATMENT 


After all efforts to reduce waste flows and totul waste loads have been made, it is 
then proper to consider the waste treatment problem remaining and its practical solu- 
tion. Physical, chemical, and biological processes are available, but often combina- 
tious of these processes are required. 

Physical methods include screening, settling, and flotation. Another physical 
process that often warrants consideration is controlled dilution by which wastes are 
stored in lagoons during periods of low stream flow and discharged to the stream during 
high How when adequate dilution is available to prevent downstream nuisanecs. Al- 
though this method of waste disposal may seem crude, a properly desigued waste dis- 
posal operation using controlled dilution is often the best and most practical solution. 

Sedimentation. Plain sedimentation is used for removal of settleable material, 
and the methods and equipment employed are similar to those used for sewage treat- 
ment. Industrial waste practice uses more upflow and sludge-blanket-type sedimen- 
tation basins than sewage practice because these units are better adapted to the han- 
dling of wastes containing higher solids concentrations and producing more voluminous 
sludges than are ordinarily encountered in sewage disposal practice. Mining and 
papermaking are examples of industries in which sedimentation is a major portion of 
the waste treatment processes. 

Chemical Treatment. The type of chemical treatment discussed here pertains 
to its use as a sedimentation aid for the coagulation of nonsettleable solids. 

Alum and ferric iron salts such as ferric chloride, chlorinated copperas, and ferric 
sulfate are widely uscd as coagulants, particularly in the acid range pH 4.5-6.5. 
Tron galts are also effective in the alkaline range pH 8.5-10.5. Lime is usually em- 
ployed in conjunction with the iron salts for alkaline coagulation. Ferrous iron is 
also an effective coagulant in this pIT range, and lime and copperas are often used 
together. Although the [ferrous ion is not considered as effective as the ferric ion, 
the cheapness of copperas (a waste product from steel pickling, and titanium ore 
processing operations) makes its use with lime an economical and effective coagulant. 
Lime alone is a good coagulant for many wastes, and although the effluent is not 
always as clear as that, obtained with other agents, the low chemical cost and smaller 
resulting sludge volume produced warrants consideration for its use in many chemical 
treatment operations. Alum is not considered good with alkaline coagulation because 
of the large flocs produced and the fact that aluminum begins to go back into solution 
about pi 8.5. Sodium aluminate has been used successfully at these higher pH 
ranges. (Copperas is a name given to ferrous sulfate; chloriue is often added to the 
solution to oxidize the irou to the ferric state.) 

With chemical treatment, it is important that pEl control, chemical dosage, and 
flocculation, time be given careful consideration if economical operation is to be realized. 
Many relatively small chemical treatment operations are more concerned with sim- 
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plicity of control and achieve good results and manpower savings by using excess 
coagulant at the expense of coagulant efficiency. 

Lagoons are also effective sedimentation devices and have an important place in 
the industrial waste treatment field. Many of the objectionable features of lagoons, 
(see p. 905) can be overcome with careful planning. Important advantages of lagoons 
include their unusually large sludge holding capacity, their ability to handle large 
flow variations, their Jong settling period, and their low cost. 

Flotation methods can be divided into two general categories, those that employ 
simple flotation and those that employ air bubbles to make solid materials floatable. 
Oil separators are typical examples of the first type. Often simple setitling is also pro- 
vided for in the separator with mechanical equipment to remove both settled and 
floated materials. Air flotation units are most widely used in the paper industry for 
waste treatment because of their carly application to paper waste treatment and pri- 
marily because paper fibers are subject to rapid flotation. Flotation units are gener- 
ally much smaller than sedimentation units for treating comparable flows. Detention 
times in flotation units are often 15 minutes or less, particularly with paper wastes, 
Air flotation is seldom used alone, a coagulant such as alum or lime usually being em- 
ployed to form large enough aggregations of particles to permit their rapid flotation. 
Flotation units are best adapted to the separation of solids that are either light and 
fibrous, such as paper fibers and some cannery waste solids, or to greaselike materials 
that can be coalesced. Flotation of greaselike materials may be facilitated by en- 
trainment in the surface film of finely diffused air bubbles. 

The other type of chemical treatment is concerned with the use of chemicals to 
bring about a chemical change in the waste constituents either to permit their removal 
or to convert them into less objectionable forms. Some of the problems concerned 
with this type of treatment have been discussed (see p. 905). Because of the great 
variation in the chemical constituents of wastes, it is impossible to give many details 
concerning treatment. Certain treatment operations can best be handled on the con- 
centrated wastes before dilution with wash waters, cooling waters, and general plant 
wastes. With these concentrated wastes, chemical treatment operations are often 
similar to plant processing operations and can best be designed and handled by plant 
chemists and chemical engineers who are familiar with such problems. Chemical 
operations on dilute mixed wastes are less familiar to plant chemists and the utilization 
of the services of experienced waste treatment consultants is often advisable, 

Biological treatment is usually necessary in order to remove soluble and colloidal 
organic material from wastes. Aerobic biological methods employed for industrial 
wastes are the same in principle as those used in the treatment of sewage. ‘These in- 
clude biological lagoons, standard and high-rate or recireulating trickling filters, ac- 
tivated sludge, including both conventional and high-rate or high-load forms, and sand 
filters. Two anaerobic methods, anaerobic lagooning and waste digestion, used in 
industrial waste practice have no exact counterpart in sewage treatment practice. 

With industrial wastes, aerobic processes often are more heavily Joaded than their 
sewage treatment counterparts, particularly on the basis of pounds of BOD load per 
unit volume of treatment device. Part of this heavier load is due to the fact that in- 
dustrial wastes are usually more concentrated than sewage, thus permitting greater 
treatment efficiency per unit volume. Because of higher concentrations and higher 
loadings, aerobic treatment units for industrial waste have more complicated oxygen 
transfer problems. Industrial waste practice utilizes mechanical diffusion of air, with 
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high-speed mixers, high-velocity air, or special devices to promote smal! bubble for- 
mation and the rapid solution of oxygen into the liquid. These special methods are 
necessary in order to maintain aerobic conditions in the heavily Joaded oxidation units, 
but this is achieved at the expense of higher power requirements. 

Anaerobic waste digestion is applicable to concentrated wastes as a means of 
stabilizing the organic content. Although the biological transformations are the same 
as those involved in sewage digestion the operation is different in principle. With 
waste digestion, the sludge remains in the digester as the carrying medium for the 
organisms that provide the desired biological transformations. The waste passes 
slowly through the sludge, usually by upflow, and is brought into intimate contact 
with the biologically active sludge. Digestion can remove up to 90-95% of the BOD 
at loadings that are higher than that possible with conventional aerobic treatment 
processes, The newer, more heavily loaded aerobic treatment units, particularly 
activated sludge type processes, have almost eliminated this advantage. Several 
disadvantages to waste digestion must be considered. The effluent from a digester 
often requires subsequent aerobic treatment even though it may have a relatively low 
BOD. Some of the products of digestion, particularly reduced sulfur compounds, 
create odor problems when the treated waste is finally exposed to the atmosphere. 
Also, the sulfides formed during digestion or originally present in the waste are toxic 
to the biological digestion process. Experience has shown that difficulties may be 
expected when the total sulfur content of the original waste is over 100 p.p.m. 

Several problems encountered with the biological treatment of industrial wastes 
are not found with domestic sewage treatment. These include toxicity, nutrient 
deficiencies, and adaptability. 

Toxicity may be overcome in many ways, the best of which is removal of the of- 
fending material, If this is not possible, its concentration may be kept within non- 
toxic limits by special dilution control. The biota can often be adapted to tolerate 
previously toxic concentrations of the offending material. This material is then bio- 
logically removed by such adapted organisms. 

Nutritional deficiencies often occur with industrial wastes but never with domestic 
sewage. The requirements for nitrogen and phosphorus are well established, and 
these two elements appear to be the most important from a nutritional standpoint. 
At least when they are present biological activity takes place, and when they are 
deficient it is reduced. Nitrogen and phosphorus requirements have been established 
in relation to the BOD and the most commonly accepted ratio is 1 part phosphorus 
to 3 parts nitrogen to 60 parts BOD, - Ratios as high as 1:3:100 have also been used 
with little effect on biological oxidation rates. 

Most organic compounds are fortunately subject to biological decomposition but 
unfortunately not always in the concentrations encountered in industrial wastes, 
Also, the organism required for a particular decomposition must be naturally available 
in sufficient numbers to obtain the desired biological transformations. Sewage, soils, 
and even compost piles are good sources of aerobic biological seed organisms. On the 
other hand, digested sewage sludge and manure piles are the best sources for anaerobic 
biological flora, 

Usually adaptation and development of. a suitable biological population occur 
simultaneously. Both are accomplished by providing a proper biological environ- 
ment for the treatment process and: then subjecting the original biota to increasing 
concentrations of the waste, thus gradually developing a population flora adapted to 
the highest feasible concentration. 
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MISCELLANEOUS WASTE TREATMENE AND CONDITIONING METHODS 


There are numerous methods of industrial waste processing which are used to 
eliminate or modify certain waste components in order to facilitate the final disposal 
of the waste. Such processes as ion-exchange, solvent extraction, evaporation, 
volatilization, degasification, and selective precipitation are often used to recover 
materials for re-use within the industry or for the production of a commercial product. 
Most of these processes are familiar to industrial chemists and engineers and their use 
in waste treatment practice is not unlike their industrial use. 


SLUDGE DISPOSAL 

The economical disposal of sludges from industrial waste treatment processes is 
often one of the most difficult problems cncountered. This is also true of sludges 
from domestie sewage treatment plants, but thelr problems are often less complex. 
Sewage sludges are organic in nature and generally subject to biological stabilization 
by anaerobic digestion. By contrast, industrial waste sludges vary from about 100% 
organic to 100% inorganic material and often are not susceptible to digestion because 
they contain toxic substances or lack sufficient suitable organic material. 

Relatively few industries produce waste organic sludges suitable for digestion, but 
the methods of treatment and final disposal for these sludges are similar to those used 
in sewage treatment practice. Typical examples in this category are wastes from the 
packinghouse, food processing, antibiotic, and fermentation industries. 

Sludge conditioning, dewatering, drying, incineration, materials recovery, dis- 
posal, or dumping are all facets of sludge disposal. The combination of disposal 
techniques required in a particular situation will depend on many variables. Some of 
these variables include: (1) the drainability of the slidge and the preconditioning 
means by which it can he facilitated; (2) thickening and compaction characteristics; 
(8) organic content and susceptibility to decomposition; (4) value of the material 
recovered; (4) availability of suitable land for sludge lagoons, drying beds, and dis- 
posal dumps; (6) esthetic considerations; (7) continuous or intermittent sludge pro- 
duction; (8) economic considerations—initial investment vs. operating costs; (9) 
availability of suitable dumps or sewage clisposal plant sites where joint disposal of 
municipal and industrial sludges can be effected; (10) development of uses For re- 
covered or processed material; (71) air or stream pollution problems resulting from 
sludge disposal. 

Digestion. For organic sludges susceptible to anaerobic digestion, the best 
method of disposal usually follows sewage treatment practice. See Sewage. The 
relatively small amount of organic sludge produced from a single industry seldom 
warrants the use of such complicated and costly techniques as vacuum filtration and 
incineration unless land space is ata premium. Open sand-bed drying is generally 
most applicable for digested sludges with final disposal for fill material or as a soil 
conditioner. 

Filtration. Many industrial sludges are susceptible to dewatering by vacuum 
or pressure filtration. Chemical coagulation with iron, alum, or lime may be helpful 
and the use of diatomaceous earth filter aids is often found necessary to obtain satis- 
factory performance. Sludges that are largely inorganic often filter well without 
coagulants or filter aids, 

Since pressure or vacuum filtration is widely used in industrial processes, the 
method of filtration used for a particular waste sludge problem is often dictated by the 
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experience with filtration within the industry or plant. Several of the factors above 
influence the choice of filtration equipment. 

Lagooning. Lagoons may be used in a variety of ways for sludge disposal. 
Gencrally they effect the compaction, concentration, and storage of either digested 
organic sludges or inorganic sludges. Some lagoons may be used for dewatering and 
drying; subsurface drainage must be provided in such lagoons and they must perioclic- 
ally be taken out of service. The filled lagoon may be used for final disposal by leaving 
the sludge in place and possibly covering the surface with earth. Obviously con- 
struction of new lagoons is required as old ones are filled. The usual practice in sludge 
lagoon operation involves removal of the concentrated sludge by hydraulic dredges, 
draglines, or bulldozers for final disposal on land dumps or soil areas. Lagoons may 
also be used for digestion of organic sludges in addition to their other disposal functions. 
When so employed, the lagoon design may ba influenced more by the requirements for 
proper digestion, and avoidance of odor nuisances, than by sludge concentration and 
disposal features. 


Regulations and Standards 


Authority is exercised over the discharge of wastes at four levels of government, 
namely federal, state, special interstate commissions, and metropolitan or municipal. 
The first three are concerned with the protection of natural waters while the last 
group is chiefly concerned with the protection of sewerage systems and treatment 
works, 

Federal Control. The federal Water Pollution Control Act (Public Law 845) was 
enacted in 1948 and is the first water pollution control law enacted by the Federal 
Government, although measures had been proposed in Congress many times previously. 
The law does not provide for any direct control over water pollution by the Federal 
Government and recognizes the primary responsibility and the rights of the state in 
controlling water pollution. However, it does provide for the federal regulation of 
pollution on interstate rivers with state consent, The act also provides for (4) sup- 
port and aid 40 technical research to devise and perfect methods of treatment of in- 
dustrial wastes, (b) federal technical services to state and interstate agencies, and to 
industries, and (¢) financial aid to state and interstate agencies and to municipalities 
in the formulation and execution of their stream pollution abatement programs. A 
second section of the act requires the Surgeon General of the U.S. Public Health 
Service to prepare comprehensive programs for the abatement of pollution in inter- 
state waters for practically all water uses. 

State Control. Almost every state has some type of legislation for the control 
of pollution and most have given the responsibility for pollution control to some state 
agency such as the State Health Department, the Fish and Game Commission, or a 
specially constituted water pollution contro! agency. In some states the responsi~ 
bility is divided between two or more departments each having assigned to it special 
areas of pollution control. Where new state legislation has been enacted, the trend 
has been toward the formation of special water pollution control boards leaving with 
the State Health Department the responsibility for only those matters concerning or 
affecting health. 

Although most states have some type of pollution control legislation, many have 
set no standards or eriteria for the control of streams or effluents discharged into the 
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streams. Where standards have been established they have usually been set by the 
control agency under powers delegated to it by the state legislature. 

Special Interstate Pollution Control Commissions. Because many important 
streams and coastal waterways are interstate, it was not possible to achieve effective 
pollution control without close cooperation between the states involved. Even where 
the spirit of cooperation existed, the conflicting interests of the several states has often 
prevented the solution of pressing pollution problems. 

Many of these conflicts have been resolved by the creation of an interstate agency 
responsible for the establishment, and often enforcement, of minimum stream stand- 
ards within the area under their jurisdiction. Thus, each state gives up some sover- 
eignty and delegates some of its authority to the control commission, which is respon- 
sible for pollution control on a regional basis for the common good. ‘There are many 
variations, particularly in the amount of control delegated to the commission. The 
Interstate Sanitation Commission controlling coastal waters for New Jersey, New 
York, and Connecticut in the New York metropolitan area is charged with the en- 
forcement of pollution control regulations. Conversely, the Interstate Commission 
on the Delaware River (Incodel) acts only as a coordinating anc advisory agency 
and the control regulations and enforcement remains an individual state responsi- 
bility, but subject to the requirements of the reciprocal agreement entered into between 
the states of Delaware, New York, Pennsylvania, and New Jersey. 

Other interstate pollution control organizations include: 

The International Joint Commission created in 1909 by treaty between the U.S. 
and Great Britain and empowered to hear disputes and conduct investigations re- 
garding pollution of U.8. and Canadian boundary waters and streams flowing across 
the boundaries. 

The Interstaie Commission on the Potomac River Basin was established by a com- 
pact between Maryland, Virginia, Pennsylvania, West Virginia, and the District of 
Columbia as a coordinating body to recommend minimum standards of sewage and 
industrial waste treatment to the signatory states. 

The New England Interstate Water Pollution Control Commission. was formed in 
1946 by compact between Connecticut, Massachusetts, and Rhode Island and has 
since been joined by New York, Vermont, and New Hampshire. The compact re- 
quires each state to classify its interstate streams according to their highest use, submit 
the classifications to the commission for approval, and then establish treatment and 
pollution control programs to bring about the improvements required to meet the 
approved classifications. 

The Ohio River Valley Sanitation Commission was established by compact between 
the states of Illinois, Indiana, Kentucky, New York, Ohio, Pennsylvania, West Vir- 
ginia, and Virginia for the purpose of cooperative control of pollution in the Ohio 
River drainage basin. The Commission is authorized to adopt, prescribe, and pro- 
mulgate rules, regulations, and standards for administering and enforcing pollution 
control measures. Hach signatory state agreed to enact necessary legislation and 
adopt enforcement measures to meet the objectives of the compact. 

Stream Pollution Control Standards. Standards or regulations can usually be 
classified under one or more of the following headings: (1) effluent quality; (2) stream 
quality; (8) stream use classification, with special stream and effluent quality stand- 


ards for each classification, and (4) special regulation for each case after adequate 
study, 
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The latter two classifications are special cases of the first two, but they have been 
given special mention because their use permits greater flexibility of control programs 
and they also represent the two most advanced approaches to stream pollution control. 

Effluent standards are the easiest to administer and control, and are popular with 
some regulatory agencies, Although effluent standards are often more rigid than other 
types, they are preferred by some industries because they are clearly defined and have 
fewer uncertainties for the financing, administration, and operation of their industrial 
waste treatment programs. Effluent standards have certain disadvantages: (1) they 
are usually too rigid during periods of normal stream flow because they must be set 
to protect the stream during low flow periods, (2) they are concerned only with the 
concentration of the pollutant and disregard the volume of flow and the total amount 
of the pollutant discharged, (3) they tend to promote inequities between various 
stream users because a relatively unimportant small volume of concentrated waste 
may require a very extensive treatment to meet the standards while 4 very important 
large volume of dilute waste may require only perfunctory treatment, 

Stream standards apply to the quality or condition of the stream waters after 
receiving a waste, and their stringency reflects the uses to which the receiving waters 
are put. Stream standards appear more realistic because the required effluent quality 
is dictated by the condition and flow of the stream. Theoretically, maximum treat- 
ment would be required only during periods of minimum flow and less extensive treat- 
ment could be provided during periods of average or higher flow. There are several 
disadvantages which work against the use of stream standards alone for pollution 
control. (7) The regulation of effluents to conform to stream specifications is very 
difficult because extensive stream surveys are required to obtain the necessary control 
information. (2) When several effluents are discharged into a stream, the inter- 
pretation of the data and the fixing of responsibility for below-standard stream condi- 
tions is very difficult and admimistration of a control program is often handicapped. 
(3) A prior upstream user may pre-empt the available purification capacity of a stream 
and subsequent downstream users may be forced to a high degree of treatment to 
prevent deterioration of the stream helow the specified conditions. 

Attempts have been made to optain stream pollution control and avoid the pit- 
falls encountered with both effluent and stream standards. In New York and several 
other states streams and coastal waters are first classified according to their best use. 
Stream specifications are set for each section so that the waters will be satisfactory 
for the highest use specified. After all streams are classified, the amount of pollution 
allotted to each user will be determined after study of the general problem in each area. 
The required effluent quality will be judged according to the needs and without setting 
arbitrary standards. For this purpose, a water pollution control board was set up 
within the framework of the New York State Department of Health. California, has 
established regional stream pollution control agencies, and has recently enacted some of 
the most modern pollution control legislation. The authorities recognized that the 
involved problems of stream pollution are not susceptible to good control by simple 
control legislation using rigid standards, The legislation enacted requires that each 
pollution problem be considered separately, and that effluent requirements be set only 
after individual study of each problem. General water quality criteria have been set 
for the guidance of the pollution control boards, but each case is judged on its merits 
after thorough study. 

Local Control. At the local level, control of industrial wastes is concerned with 
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their discharge into sewerage systems. ‘The chief purpose of this control is to protect 
the structures from damage, sifeguard the operation of the system and treatment 
works, and prevent the discharge of materials deleterious to the receiving waters, 
Most sewerage systems have some type of control over waste discharges, usually by 
ordinance, but often the exercise of this control is only perfunctory. In general, two 
types of control regulations are used. One type is general aud merely prevents the 
discharge of wastes which will be harmful to the structures, plant operation, or the 
receiving stream. The other type is very specific about the kinds of materials that 
vannot be discharged, and limits the coucentration of many common constituents of 
wastes. Unfortunately, restrictive controls are often wurealistic and overrestrictive. 
Studies have shown that if some controis were rigidly applied, ordinary household 
sewage could not be discharged into the sewers. 
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WATER 


Water is the most abundant compound at the earth’s surface and the most important. 
Appreciation of its importance and representative character led to its inclusion, along 
with air, earth, and fire, in the earliest list of elements. No sample of water, however, 
is wholly pure and wholly typical. Wholly pure water remains an unattainable ideal 
although samples of very high purity, certainly of sufficient purity for most purposes, 
can be prepared by standard and well-known methods. The ready availability of 
water and its relatively easy purification have lecl to the choice of water asa standard in 
a variety of measurements. Its density provided at one time the counection between 
the metric units of mass and length. It still furnishes the basis for the common scales 
of temperature and for the units of heat energy, specific gravity, and specific heat. 

Many of the properties of water are extremes or nearly so. Its dielectric con- 
stant, for example, is unusually high, as are its surface tension against air, its specific 
heat, and its heats of evaporation and fusion when calculated per unit of weight. 
The last two values are high because of the low weight of the water molecules, The 
heats of evaporation and fusion on a molar basis are normal for substances that freeze 
or boil near 0 or 100°C., respectively. Some other properties seem more nearly normal 
also when given per mole rather than per gram. 

The frequently reported slight but strauge variability in the properties of water is 
probably to be expected when one considers the unusual precision often sought in a 
study of water. The variable isotopic composition of samples of water (see p. 925), 
and slight, extraneous effects become important uncler such conditions. Exactly the 
same complications would probably be apparent if the properties of other substances 
were measured with similar precision. 

In the discussion that follows, the term water refers to water in which the iso- 
topes appear in their natural relative abundances. 

Those properties of water that have the greatest utility in engineering practice 
are given in numerous well-known reliable compilations (12,14,17,22). No effort is 
made here to duplicate available tables and graphs nor 10 comment on all the available 
data, The present treatment is both selective and arbitrary. An interesting general 
survey of the properties of water constitutes the material in a very useful and eritical 
book by Dorsey (5) which is referred to many times here. 


Vapor 


Size and Shape of Molecules. Water vapor behaves nearly but not exactly as an 
ideal gas of molecular mass 18.016. The departure from ideality in the saturated 
vapor around 100°C. is a matter of a few per cent. The deviations ave those to be 
expected if water forms clusters to a slight extent, the clusters being mostly dimers and 
tetramers, (FlxQ)}, and (H,O),. The van der Waals equation provides a better approxi- 
mation to the actual behavior of water vapor than do the ideal gas laws. It may be 
written for 2 moles of vapor in the following form: 


(» + ~) (vu — nb) = nRT 
v 


where 7 is the observed pressure, » the volume, 7’ the temperature (°K.), @ the gas 
constant, and @ and b the van der Waals constants. For water, a is approximately 
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0.01089 and 8 is 0.001362, wnere p is expressed in atmospheres, and the volume at 0°C. 
and 1 atm. pressure is talken as 1. 

The van der Waals 8 is the “excluded volume” and for spherical molecules is four 
times the molal volume, Thus é gives a rough indication of the “effective” size of 
molecules even when the molecules are planar like H,O rather than spherical. Several 
other sources of information give an indication of size also, and some of them suggest 
the geometry of the molecules as well. ‘Jinetic theory, for ex:mple, leads to an ex- 
pression for viscosity as a function of molecular “diameter.’’ The viscosity of water 
vapor points to a molecular diameter of about 2.9 A. (2.9 X 10-4 em.) (ref. 17, Vol. I, 
p. 121). Other methods of estimating the diameter produce different values. Dorsey’s 
tabulation includes results as low as 2.84 A. and as high as 6.4 A., exclusive of some 
extreme values based on the effect of water vapor on the emission of light. from excited 
mercury molecules (ref. 5, p. 48). 

Information concerning the shape of gaseous water molecules comes principally 
from spectra (emission, absorption, and scattermg) and dielectric constants. The 
results suggest that the two O—H bonds in water are in every way equivalent to each 
other. The bonds intersect at an angle (about 105°) which is very close to a tetra- 
hedral-bond angle (that is, 109° 28’, which is the angle made by two lines drawn from 
the center to two corners of aregular tetrahedron). Asa consequence of their nonsym- 
metrical character, water molecules are electrical dipoles, that is, the centers of action 
of the positive and negative charges in water molecules donot coimcide. Their dipolar 
nature leads water molecules to attract each other rather strongly, actually more 
strongly than do most other lightweight molecules. Water is not greatly different, 
however, from ammonia and from hydrogen fluoride in this respect. Discussions of 
the relation of the bonds in water molecules to the wave functions of the valence elec- 
trons in oxygen and hydrogen atoms may be found in many books (21,25,26). The 
extent of the electrical asymmetry in water molecules and in polar compounds gener- 
ally is not large and corresponds to the displacement of about one electron charge 
(4.80 * 10~" ¢.s.u.) through a distance of 1A. The dipole moment of water molecules 
has a value harmonious with this idea (1.84 Debye units). 

The O—H interatomic distance in gaseous water is about 1.1A, (ref, 25, p. 185). 
This value applies to a nonrotating and nonvibrating molecule. Rotation subjects 
the molecule to centrifugal forces, and under the influence of these forces molecules 
stretch. The amount of stretching depends on the violence of rotation and on the 
force constant tending to restore the displaced atoms to their resting or equilibrium 
positions. The same force constant, together with the masses of the atoms, deter- 
mines the frequency of vibration. It has been possible to accumulate knowledge con- 
cerning the binding forces in water molecules. For small displacements, Hooke’s 
law applies, but for larger displacements the restoring constant diminishes and the 
accompanying vibrations are nonharmonic. The nonharmonic constants have also 
been evaluated. 

An interesting concept introduced by quantum mechanics is that the energy of a 
harmonic vibrator is limited to the discrete values recorded in the equation: 


Evive, = (n -b Ya)hy 


where 7 is a quantum number which may have only integral values from 0 upward, A 
is Planck’s constant (6.625 * 107?" erg-sec.), and.» is the vibration frequency charac- 
teristic of the vibrator. This formulation indicates that the energy of a vibrating sys- 
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tem never equals zero, even when n = 0. AtOQ°K. a harmonic vibrator will have vi- 
brational energy to the extent of 14hy—the so-called zero-point energy. A number of 
observations on dissociation energies and on the comparative rates of chemical re- 
actions become clear in the light of this idea. Not one but three fundamental fre- 
quencies corresponding to three independent modes of vibration are characteristic of 


water molecules. These frequencies and the principal moments of mertia appear in 
Table I (31): 


' TABLE I. Some Properties of Water Molecules. 








7 








Property ILO , Di0 
Fundamertal frequeticies, em. ~? lL. 3825.32 2758 .06 
so a 2. 1653.91 1210.25 
3. 3935.59 2883.79 
Principal moments of inertia, 107% g.-8q.cm. 1. 1.0029 1.790 
2. 1.9320 3.812 
3. 


2.9769 5.762 





Heat Capacity. The heat: capacity of gaseous water is about the value expected 
on the basis of the equipartition principle, which suggests that on the average each 
degree of freedom in a molecule has associated with it energy equal to 14 ‘7’, where k 
is Boltzmann’s constant (1.380 X 10—" erg/(molecule)(degree)) and 7' is temperature 
in degrees Kelvin. At ordinary temperatures, water has six degrees of freedom: three 
corresponding to translational movement and three to tumbling or rotation. The 
heat capacity is, therefore, about 6 cal./(mole)(°C.). The value rises with increasing 
temperature because energy goes also into causing increased vibration and, at still 
higher temperatures, into electronic excitation as well. Empirical equations and tables 
giving the heat capacity as a function of temperature up to several thousand degrees 
appear in numerous handbooks and in reference (5, pp. 92-102). 

Electrical Properties. Water vapor in the absence of ionizing radiations is a good 
insulator, provided the electrical field is inferior to a critical quantity known as the 
electrical strength of the vapor. This electrical strength is about 345 volts/cm. for 
water at a pressure of 0.16 mm. and a temperature of 22°C. Water vapor seems to be 
perfectly normal in this respect. The actual voltage at which measurable currents 
pass through the vapor depends on many experimental details. When an electrical 
discharge occurs in water vapor, chemical changes result which include the formation 
temporarily of hydrogen atoms and hydroxy! radicals, some of them in excited states. 
The presence of water may influence the products formed from discharges through 
other gases. 

An important quantity in gaseous conduction is the ionization potential. For 
water the value is about 13 e.v., which means that an electron accelerated through a 
potential of 18 volts would have enough kinetic energy to release an electron from a 
water molecule, leaving an H,O*+ ion. For many polyatomic molecules, ionization 
potentials lie between 10 and 15 e.v. 

Thermodynamic Properties. The thermodynamic characteristics of water vapor 
and in particular the standard enthalpy change during formation from the elements 
(AH;), the free energy of formation (AF¥), and the standard entropy (8°) have con- 
siderable importance in chemical and engineering calculations. These quantities 
continue to receive attention from many authors. The best values are comprised in a 
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tabulation of the Bureau of Standards (28), which represents an extension of a work 
started by Bichowsky and Rossini (1). Values for water as given in reference (28) 
are shown in Table II. 


. TABLE IL. Thermodynamic Value for Ordinary Water. 





Property Vanor Liquid 








Heat of formation, AH}, kg.-cal./mole 


At O°R, —57.107 — 

At 298.16°K, —§7. 7979 — 68.3174 
Free energy of formation, AF’, kg.-cal./mole, 

at 298,16°K. —h4. 0857 —66. 6902 
Equilibrium constant of formation, logis Ay, 

at 208.16°K,. 40. 04724 — 
Entropy, 8°, e.u., af 298,16°K. 45.106 16.716 





The values shown in Table IT can be combined with other thermodynamic values 
in a variety of applications. The magnitude of the logarithm of the equilibrium con- 
stant for water synthesis indicates that water is thermodynamically a stable sub- 
stance, dissociating under ordinary conditions to a negligible extent. Above 2000°K., 
the vapor becomes less stable, particularly at low pressures. Dissociation into IT, 
and OH is possible us well as into H, and O2, The percentage of dissociation at 1 atm. 
rises from about 0.6 at 2000°K. to 14.1 at 3000° KK. and to 58.7 at 5000°K. The latter 
figures represent extrapolations. Even in the high-temperature range, ionization of 
water vapor remains unimportant because of the great energy required for the process, 
estimated to be near 370 kg.-cal./mole. The specific rate of dissoviation of water 
vapor into Hy and O at 2000°K. is probably too high for any direct measurement, and 
the slight degree of dissociation is the result of very rapid recombination of the ele- 
ments at this temperature. 

Liquid 

Structure. The structure of liquids in general and the structure of water in 
particular continue to be the cause of much dispute. Some scientists believe that the 
liquid is composed of definite polymers, Eucken, for example, claims that at 0°C. few 
simple molecules exist in the liquid but that (T20)., (H,0),, and (HO), are present in 
about equal amounts, forming an ideal solution (6). Others couclude that water 
has a semicrystalline structure not composed of definite species of associated water, 
This is the current and prevalent view. Lennard-Jones and Pople have proposed a 
theoretical description according to which nearly all the molecules have four bonds 
(18,23). These bonds are constantly being bent, broken, and re-formed. This view 
leads to predicted values of certain properties in keeping with experiment. A study of 
diffusion, however, has led Wang to state that water at room temperature is only 
slightly more than two-coordinated (30). A wholly satisfactory model of the liquid 
state remains elusive, for in liquids molecules have neither the good order character- 
istic of solids nor the randomness and independence of molecules in the gaseous state. 

An interesting feature of the structure of liquids is their “free volume,” which on 
a per molecule basis is the space through which the center of gravity of a molecule can 
move without the molecule colliding with other molecules. The free volume has been 
of particular usefulness in interpreting the viscosity of liquids (20). 
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Effects of Compression and of Heating. Tho compressibility of water and the 
expansion of water on heating have received much study. Reference (5) includes 
many tables of pertinent data. A well-known and striking property of water is the 
small but definite contraction it shows when heated at temperatures below 4°C. The 
extent of the contraction is small and amounts to just more than 1 part in ten thousand 
in the interval 0-4°C, This contraction is often attributed to a breaking down of 
icc structures that persist in the liquid at temperatures near the melting point, but 
the greater density of water as compared to ice has never heen quite satisfactorily 
explained. The tetrahedral structure of ice is said to be rather open and thus it leads 
to a low density of ice. But it is not entirely clear why the tetrahedrally bound mole- 
cules in the liquid phase form a more compact structure than the solid. The expansion 
that accompanies freezing means that the potential energy as a function of average 
distance between molecules qualitatively fol- 
lows a course shown schematically in exag- 
gerated form in igure 1. 

The temperature at which water shows a 
maximum density varies with pressure and 
with the concentration of dissolved substances. 
The temperature is lowered by raising the pres- 
sure or by adding solute as if these influences 
promote destruction of ice structures in water, 

Vapor Pressure. The vapor pressure of 
water follows a normal course as a function 
of temperature, although the values are lower AVERAGE DISTANGE BETWEEN MOLECULES 
than for most substances of so low a molecular 
weight. The large dipole moment of water 
and the extensive hydrogen bond formation 
in the liquid state lead to a large heat of 
vaporization and hence a relatively low vapor pressure, The enfropy of vaporization, 
that is, the heat of vaporization (9720 cal./mole at 100°C.) divided by the temperature 
at the boiling point (873.16°I<.) is larger than for liquids without such extensive hy- 
drogen bondiug. The term hydrogen bond refers to the attraction that a hydrogen 
nuelcus in one molecule exerts on a negatively charged region of a different molecule. 
The very large entropy of vaporization of water reflects the greater degree of organiza- 
tion that hydrogen bonding gives liquids in comparison with the less well organized 
“normal” liquids that lack hydrogen bonding. Another name for entropy of yaporiza- 
tion (at the normal boiling point) is 7'rowten’s constant. For water the constant is 
26.1 cal./(deg.) (mole), but for most liquids the value is near 20.6. 

The vapor pressure of small droplets of liquid is greater than that of large drops, 
as shown by Lord Kelvin in 1870. Experiment and theory as applied to the evapora- 
tion of small droplets of water are in good agreement. Vapor pressures are greater also 
when fluids are compressed, as by pumping an inert gas into contact with them. The 
effect is not large but it falls in a measurable range. At 0°C. it amounts to about 
0.61 mm. per atmosphere of applied pressure and to about one fourth of this at 70°C. 
Some investigators refer to this increase as being due to a kind of dissolving of water 
vapor by the inert gas. It is probably simpler to regard the enhanced tendency to 
evaporate as due to a compression of the surface layer of the liquid so that more mole- 
cules are in a position to evaporate. In some engineering situations, it is necessary 
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Fig. 1. Variation of potential energy in 
condensed water as a function of average 
separation. 
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to keep in mind the effect of radius of curvature of droplets and the effect of enhanced 
pressures in promoting the evaporation of water. 

The effect of solutes in diminishing the vapor pressure of water is well known, 
In dilute solutions, Raoult’s law applies. Although the law is empirical, it provides the 
basis for much of the analysis of colligative properties of solutions. Raoult’s law 
states that the vapor prossure of a pure solvent is equal to its vapor pressure from a 
solution divided by the mole fraction of the solvent in the solution. When applying 
the law to solutions of electrolytes, ionic dissociation must be taken into account in 
calculating the mole fraction of solvent. 

Tensile Strength and Internal Pressure. An interesting property of any liquid, 
including water, is its tensile strength. It is difficult to measure this property accu- 
rately, but it is well established that liquids can sustain fairly large loads. The 
difficulty of measurement arises from the possibility that a parting of the liquid may 
occur at a minute gas bubble or at the container-liquid interface so that the break is 
not wholly characteristic of the liquid. Water has been observed to sustain tensions 
of more than 50 atm. 

One may picture the tension of a liquid as operating against an tnéernal pressure, 
by which is meant a net effective pressure arising from molecular attractions which 
tend to hold the liquid together. The several ways of estimating such pressures in- 
clude an application of van der Waals’ equation to the liquid. The variously com- 
puted pressures do not agree. At room temperature, the value in water is about 12 
atm. The value diminishes at higher temperatures. The difference between this 
value and the tensions of more than 50 atm. which water can sustain indicates that this 
subject is in need of further study, and that factors other than internal pressure may 
contribute to the tensile strength (ref. 5, p. 181). 

Surface Tension. The study and the measurement of surface tension have been 
of interest since the time of Leonardo da Vinci. Several methods of measurement 
are familiar but most of them are susceptible to error and not altogether easy to 
interpret. The surface tension is of importance in. the spreading of films, the forma- 
tion of foams, the wetting of surfaces, and the like. The surface tension of water 
against air (72 dynes/cm., at 25°C.) is larger than that of most common substances, 
but it is less than that of metals and of molten salts. The surface tension approaches 
zero in the neighborhood of the critical temperature. 

Solutes fall into two groups as far as effect on surface tension is concerned. One 
group (capillary inactive) has little influence on the surface tension, The other 
(capillary active) produces a large lowering of surface tension. Solutes of the second 
type appear in larger concentration in the surface layer than in the bulk of solution: 
they are said to be adsorbed in the surface. Soap provides an example of a capillary 
active solute, whereas most inorganic salts belong to the capillary inactive group, 

Electrical Conduction, While the dissolution in water of substances identified as 
electrolytes causes an increase in electrical conduction, even the purest water conducts 
to a slight extent. Entirely pure water, being an abstraction, can hardly be the sub- 
ject of actual experiments, but by very careful repeated distillation, Kohlrausch and 
Heydweiller (1894) obtained a sample of water whose conductivity was only 4.2 x 
10— ohm~' cm.~? at 18°C. This value exceeds by 10% the theoretical conductivity 
computed from the equivalent conductances of H+ and OH~ ions and the ion product, 
K,, of water. In contact with air, water dissolves carbon dioxide and the conduc- 
tivity rises at 25°C. to about 8 X 10-7 ohm7! om.~!. 
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The ton product of water, that is, the product of the H+ and OH~ concentrations, 
may be determined from the electromotive force of cells that include a hydrogen elec- 
trode, and independently from the extent of hydrolysis of salts. The various results 
are in good agreement with each other and the results at 25°C. average 10—" when the 
concentrations are expressed in molar units. The pli scale is based on this result. 
Neutrality, therefore, at room temperature means a pH of 7.0. Kw at 100°C. is 52 x 
10744, 

Solvent Power. In technology, the solvent powers of a liquid probably exceed 
in importance all others. While the principles of the phase rule suggest the idea 
that every phase has at least a small solubility in every other, there is no universal 
solvent in the sense that a given liquid will dissolve easily observable amounts of every- 
thing else. Probably molten acetamide (or perhaps formamide) is closer to being a 
universal solvent than is water. Water remains the cheapest and most convenient. 
solvent, but like all solvents it exhibits unique properties. 

Water dissolves many “inert” gases, such as hydrogen and several of the atmos- 
pheric gases, to about an equal extent in terms of molar conceutrations. Extensive 
tables in LC.T. (14) and in Dorsey (5) comprise the principal data. The solubility in 
these cases may be viewed as physical. Gases that dissolve more extensively than 
these, some of them like the hydrogen halides thousands of times more extensively, 
in general react chemically with the water and make the water either acidic or basic 
depending on the gas. 

Solids of low vapor pressure that do not react with water should have small solu- 
bility in water. If the solid can enter into chemical reaction with water, its solubility 
may be high. In general, electrolytes react strongly with water and their solubility 
may belarge. Thus potassium acetate, potassium fluoride, potassium formate, lithium 
chlorate, and silver perchlorate show especially great solubility in water, but some of 
the heavy metal oxides and sulfides have only minute solubilities in water. The proc- 
ess of dissolving an ionic solid in water may be pictured as (7) an “evaporation” of 
ions from the solid, and (2) hydration of theions, The first operation utilizes energy ; 
the second releases energy. Both energy termsare large. If the energy released in the 
second process greatly exceeds the energy required in the first, large solubility will 
be expected. If the reverse is true, solubility will be small. Electrolytes are less 
soluble in solvents of smaller dielectric constant than in water and more soluble in 
solvents of larger dielectric constant. A rough rule indicates a proportionality be- 
tween solubility and the cube of the dielectric constant (24). 

Effects of Radiation. While water is ordinarily regarded as transparent, Dorsey 
(5) points out that the range of good transmission of radiant energy by water does not 
extend far beyond the range of visible light. Water is transparent from wave length 
0.172 to 1.04. Radiation of wavelength 0.165», that is 1650A., causes decomposition 
(5), but impurities may sensitize water to longer wavelengths (27). 

Jonizing radiations in the form of o-, B-, y-, and x-rays or streams of fast-moving 
neutrons, protons, and other charged particles bring about decomposition of water 
into hydrogen, hydrogen peroxide, and oxygen. Often a steady state is reached where 
the rate of decomposition just matches in rate the resynthesis of water. When y-rays 
or x-rays cause the decomposition, the concentration of products in the steady state 
is sometimes too low to be detected (that is, about 1 micromole/liter). With other 
types. of radiation the products are generally easily detectable. Dissolved materials 
may affect the steady-state concentratious. : 
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Ice 


Structure. The form of snow and ice crystals has long proved to be a fascinating 
subject. While the gross forms vary greatly, the same lattice structure is found in all 
ordinary ice and snow, namely, a tetrahedral arrangement of the water molecules. 
The symmetrical 6-sided dendritic crystals familiar as illustrations on Christmas 
cards are special forms. These develop only at —15°C. with more than 10% super- 
saturation. At either higher or lower temperatures, plates, bullets, needles, and scrolls 
appear (19). Other vapors influence the growth patterns also, Silver iodide smoke 
particles act as condensation nuclei for ice crystals, and thus the smoke has proved 
useful in the seeding of supercooled clouds (that is, clouds whose temperatures are 
below 0°C.) with the idea of inducing rainfall. 

Effect of Pressure. The melting of ice under pressure results from the expansion 
of water during freezing. The effect is quantitatively rather small: one atmosphere 
of pressure lowers the melting point by 0.0075°C. Although the possibility of skating 
on ice and the flow of glaciers have frequently been attributed to this melting under 
pressure, the principal effects must be explained in some other way. In skating it is 
probably melting induced by surface friction that leads to slippage, and in glacial 
movement, plastic flow of the solid. The drawing of a weighted wire through a block 
of ice at 0°C., however, is due to the effect of pressure on melting. The block refreczes 
above the wire as the pressure is released, so that the block is not severed by the move- 
ment of the wire, This process is known as regelation. 

A study of the behavior of materials under high pressure, much of it under the 
direction of P. W. Bridgman, has revealed the existence of several forms of ice in 
addition to the common form (ice 1). The regions of existence of the several types of 
ice is indicated in Table III (4, ref. 14, Vol. IV, p. 11) which shows pressures anc tem- 
peratures of the various triple points, that is, the points where three phases exist in 
equilibrium with each other. 


TABLE III. Triple Points of the Ices. 








Phases*® , Temp, °C. Pressure, atm, 
G, L, I 0.0075 0.00602 
L, I, Tl — 22.0 2045 
1, U, Il 34.7 2100 
L, III, V . 17.0 3420 
II, TI, V — 24.3 3400 
L, V, VI --0.16 6175 


L, VI, VIT 81.6 21,700 








Effect of Radiation. Under the influence of ionizing radiations, water decomposes 
in the solid state as well as in the fluid states. On melting ice that has been exposed to 
ionizing radiations, hydrogen and hydrogen peroxide are released but in somewhat. 
smaller yield than in liquid water, Radicals or other reactive centers that are formed 
in the ice at low temperatures may enter into reaction as the temperature is raised. 


Chemistry of Water 


Catalysis. Both water vapor and water liquid are important catalysts. In the 
vapor phase, for example, well desiccated ammonium nitrate at 300°C. does not 
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decompose appreciably into nitrous oxide and water. Moist ammonium nitrate, 
however, decomposes rapidly at 180°C. (9). A trace of moisture (0.33%) will lower 
the second explosion limit of CO +- OQ, mixtures in silica vessels by as much as 100°C. 
(11). But water is not a universal catalyst, as has occasionally been stated. 

Sometimes the catalytic action of water arises from condensed films. Such films 
are probably important in the corrosion of metals. 

Since solutes in a liquid solution have far more mobility than in the solid state, 
they are as a rule much more reactive when dissolved. If finely powdered potassium 
iodide and mercuric chloride are mixed, a slight pink color indicates that there has 
been a perceptible amount of reaction to form mercuric iodide. If a drop of water is 
added, a copious red precipitate will appear, indicating a very rapid reaction. Any 
liquid that dissolves the reactants to a significant extent would function as a catalyst in 
the same way. It is not at all necessary that the solvent promote ionization if it is 
to act as a catalyst in such reactions. Many double decompositions occur with great 
rapidity in nonaqueous, “‘nonionizing” solvents. 

Reactions. Water acts as an oxidizing agent toward active metals (those above 
hydrogen in the activity series) and toward some salts (for example, chromous chlo- 
ride), and as a reducing agent toward active nonmetals (for example, the halogens) 
aud some compounds (for example, potassium permanganate and derivatives of 
divalent silver), Water enters alsointo many hydrolytic reactions with a wide variety 
of compounds, including the phosphorus halides and organic esters. 

A reaction of general occurrence is hydration, that is, the formation of stable ad- 
dition compounds with other substances. Sometimes the hydrates have low stability 
and may be decomposed easily, like NasCO3.10H,O, Sometimes they have great 
stability as do NasO.H».O and P.Q;.H.0. Other polar compounds like ammonia, 
hydrogen peroxide, and ethylene diamine also form numerous addition compounds. 
In forming addition compounds, water is not at all unique. Some of the products 
formed by addition of water to other substances are solids of variable composition. 
These products are solid solutions rather than compounds. They include the zcolites— 
silicates with rather open structure into which water can penetrate with little other 
change. Many rocks contain combined and adsorbed water in considerable amourt. 
It is not possible to distinguish sharply between chemical combination and 
chemisorption. 

Estimation and Detection. The identification of the impurities, living and non- 
living, in natural and industrial water makes up a distinct field of much importance. 
See Water (munictpal). The inverse problem of identifying and estimating water in 
the presence of other substances is also often of interest and importance. Reactions 
wholly characteristic of water are hard to find: its volatility, its release of hydrogen 
in presence of sodium, its formation of acetylene by reaction with calcium carbide, its 
combination with calcium chloride to give a stable addition product, and many other 
properties are shared hy other substances as well. A nearly specific reaction, however, 
is one with the so-called Karl Fischer reagent (active ingredients: iodine, sulfur di- 
oxide, and pyridine in ‘dry methanol as solvent). The reaction of this reagent with 
water occurs in two consecutive steps whose sum amounts to: 


H,0 + b + 80. + 3 GSN + CH,OH > G.H:NHSO,CH; + 2 C;HsNHI 





By use of this reagent, water in a large variety of materials can be determined in a 
fairly simple titration procedure (8, 18a, 29). 
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Isotopic Water 


Because of the isotopic complexity of both hydrogen and oxygen, ordinary water is a mixture of 
several distinct kinds of molecules. The hydrogen atoms in water have relative masses of 1, 2, or 3 
and the oxygen atoms masses of 16, 17, or 18. These isotopes combine to produce 18 distinct kinda 
of water molecules. Each isotopic variety of water has its own characteristic propertics. In natural 
water, the proportions of the isotopes vary somewhat and some vagueness, therefore, attends use of 
the term “ordinary water.”’ Variations in the isotopic constitution of water result in large part from 
differences in volatility. Consequently, the rain that falls in humid regions will differ in composition 
from that which falls in arid regions. 

Not only does fractionation of the isotopes occur in nature but it occurs also, usually uninten- 
tionally, in the laboratory. Extreme care in purification of water is apt to change the proportions of 
the isotopes. Unless the purification is followed by an equilibration designed to reestablish the 
natural isotopic abundances, a sample with abnormal properties will result. Some of the frequently 
observed variability in the properties of water reflects such influences. The other chief source of 
variability is the presence of impurities in perhaps minute yet variable amounts, These impurities 
may be carried along with the water during purification or may be acquired before or during a meas- 
urement of some property. 

Variations in the proportions of the several isotopes in water, while ordinarily small, are easily 
observable in mass spectrometers and in density measurements. Approximately one hydrogen atom 
in every 7000 in common water has mass 2 (16). The threo stable isotopes of oxygen, namely 0%, 
O", and Q'8 occur in the average relative abundances 99.76%, 0.039%, and 0.204%, respectively. 
The preparation of water enriched with respect to one of the less common isotopes can be effected in 
any of several ways. Such enriched water proves useful for a variety of tracer experiments, The 
isotopically labelled water permits the location of a particular ingredient or its derivative in a process 
or identification of the source of a particular product. Practically pure “heavy water” (deuterium 
oxide), in which the hydrogen atoms have mass 2, is available at a present price of about one dollar 
per gram for small quantities, and of course at a lower unit price for larger amounts. 

Heavy water is used in nuclear reactors (piles) to slow down or moderate the neutrons emitted 
in the reaction. The kinetic energy of these neutrons, at the time of their release from fissioning 
atoms, may exceed 1 M.c.v. per particle. Heavy water is often preferred to light water, in spite of 
the vastly higher cost of heavy watcr and the greater efficiency of light lydrogen atoms in energy 
moderation, becausc loss of neutrons hy capture occurs to a considerably smaller extent in heavy 
water than in light water. In other words, heavy water is cheaper than neutrons. 

Hydrogen atoms of mass 3, that is, tritium atoms, make up a small proportion of water that is 
not too “old.” The proportion of T (tritium atoms) to H is always small, and for ground water 
gathered from Long Island and from New Jersey has been found to range from 3 X 10 to 10-" (7). 
Water that has been stored for many years, for example glacial water, lacks a detectable content of 
tritium, The disappearance of the tritium is the result of its radioactivity, which transforms it into a 
helium isotope of mass3. The half life of the tritium atoms is about 12.5 years (14a), All but 0.5% 
of the tritium in a, water sample, therefore, would disappear during a century of storage. 

The supply of “tritiated” water is constantly renewed as a consequence of the action of cosmic 
rays in the upper atmosphere, a region of most intense cosmic ray activity. The tritiated water falls 
as rain and its radioactivity at a later time reveals its residual content of tritium and hence the time 
that has elapsed since it left the atmosphere (15). Nuclear explosions probably add significantly to 
the supply of tritium oxide and thus introduce a complication into the determination of the age of 
water samples through measurement of their radioactivity. The (-particles emitted by tritium 
atoms cause water to decompose (13). In natural waters the effect is not directly detectable. 

The large ratio of the atomic masses of Hl and T leads one to expect tritium oxide and protium 
oxide to show a greater spread in properties than any other pair of water species. The next greatest 
difference should be shown by deuterium oxide and protium oxide. The values of selected propertics 


that make up Table IV suggest the extent of observed differences. Other values appear in Kirshen- 
baum’s book (16). 


Thermodynamic properties such as molal entropy, relative enthalpy, relative 
free energy, and heat capacity are also different for each species. Bigeleisen ef al. 
have furnished tables to aid in estimating the magnitude of the differences (2,3). 
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TABLE IV. Sclected Properties of Isotopic Water. 








Property : {20 D0 
B.p., °C. 100.00 101,41 
Fp. °C.4 0.00 3.81 
dag 1.0000 1.1078 
Temp. of max. density, °C, 3.98 11.22 
Ton product (Kw) at 25°C. < 10" 1.00 0.20 
Viscosity at 25°C., millipoises 8.98 11.00 
Relative solubility in benzene at 25°C, L.21 1.00 





Friedman and Haar have presented in tabulated form calculated thermodynamic 


functions for several isotopic water molecules in the temperature range 50-5000°K. 
(10), 
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Industrial Water... 0.0.0.0... 00.00. ..0-2-.. pe 929 
Municipal Water... 2.000.000.0000... .02 0.005 946 


See also Wastes, industrial. 

All water used by man comes from the reservoir of the oceans. A small amount 
of sea water is used directly for cooling purposes in power plants or industries on the 
coast. Sea water and inland accumulations of brine also are used as raw material for 
production of chemicals such as salt, metallic magnesium and magnesium compounds, 
potassium compounds, and borates. Nearly all the water used, however, is fresh 
water which has been evaporated from the oceans, carried by the winds, and deposited 
as rain or snow upon the land, from there to return to the oceans, 

The total quantity of fresh water available for use seems immense, On an aver- 
age day, 4800 billion gallons of water fall on the United States. Of this amount about 
70% is recycled to the atmosphere by evaporation or by the transpiration of vegeta- 
tion. The remaining run-off, 1300 billion gallons per day, is the actual available 
supply of water (82). This supply is distributed, however, in a most uneven fashion. 
While precipitation over the U.S. averages 30 in. per year, the Olympic Mountains in 
the Pacific Northwest catch 160 in. During 1952, 86.94 in. fell at Blue Canyon, 
California, 9.64 in. at Bakersfield, California, and only 2.92 in. at, Yuma, Arizona (38). 

Like any other important raw material, water may have to be transported from 
the place where it is available to the place where it is needed for use. Thus, water is 
moved from the watershed of the Delaware River to supply New York City and from 
the Colorado River to supply Los Angeles and to convert the deserts of southern Cali- 
fornia into rich farm land. As the population continues to increase and industry to 
expand, it will become necessary to store more of the potential supply of water in 
reservoirs and to transport it to regions where it is needed. — 

In 1950, only one-seventh of the run-off of 1300 billion gallons was used for all 
human requirements. ‘Table I summarizes the estimate of the President’s Water 
Resources Policy Commission as to how this was utilized. Much of the water with- 
drawn by industry and by municipalities is not, however, “consumed,” but is re- 
leased as waste water or sewage to become again part, of the supply. Cooling water is 
an example. Water used by industry for purposes other than cooling may have 
amounted to only 10 instead of the 70 billion gallons per day given in Table I (32). 

Other interesting statistics were obtained in 1950 through a study made by the 
National Association of Manufacturers and The Conservation Foundation (22). 
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TABLE i. Estimated Consumption of Water for Various Purposes in the U.S., 1950. 





Consumption of water 








— _ Use Billion gallons per day Per cent of total 
Total 180 100 
Trrigation 95 52.7 
Industrial 70 38.9 
Municipal 12 6.7 


3 1.7 


Rural (other than irrigation) 





From 3,343 responses to approximately 15,000 questionnaires directed to the member 
companies of the N.A.M.: 

(1) The total intake of the 3,848 plants was estimated to be 8 billion gallons of 
water per day. These plants comprised only 1.4% of the more than 240,000 plants in 
the U.S., but included 23.3% of the plants with more than 2500 employees. 

(2) 163 plants, each taking in more than 10 million gallons per day, were found to 
be using more than three-fourths of the combined water intake. 

(3) The “average” plant was calculated to be using one-quarter of its water in- 
take for cooling, one-quarter for sanitary and service facilities, one-eighth for boiler 
feed, and threc-eighths for process use. For plants taking in more than 10 million 
gallons per day, however, one-half was used for cooling and one-third for process, on 
the average. 

The amount of watcr required to turn out a unit of product has been estimated for 
a, number of industries. Selected items from a 1953 summary of available published 
information (19) are shown in Table IT. 


TABLE II. Estimated Water Requirements for the Production of Selected Commodities. 





Water required for production, 








Commodity tons water/ton commodity 
Alcohol, industrial (190 proaf) 60 
Aluminum 8000 
Ammonia, synthetie 180 
Gasoline 10-15 
Paper pulp 210-625 
Soda ash 60-75 
Steel 80-145 
Sulfurie acid (100%) 15 
Viscose rayon ‘ 750-830 





The values in Table IT generally represent operations before much attention had 
been paid to water management in industry. It is evident however, that even. with 
the best re-use within a plant, from several to many tons of water will still be required 
to make a ton of any of these products. 

Not only quantity but also quality of water isimportant. From a practical view- 
point, quality might be defined in terms of the relative freedom from difficulty during 
any specific use. This depends on the constituents carried by the water and what 
effects they produce when the water is pumped through a distribution system, heated 
in a heat exchanger, boiled in an evaporator or boiler, used to process textiles, or made 
into beer. Some of the more important constituents are included in Table III, which 
is intended merely to indicate the infinite variety of composition possible (40). 
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TABLE Ill. Character of a Few Surface and Ground Water Supplies. 





Dissolved constituents, p.p.m. 
Dissolved Hardness ' 7 
Source solids as CaCQs SiOz TCO; SO, CL Te Color pl 








Tuolumne River impounded in 
Hetch Hetchy Reservoir 


(San Francisco, Cal.) 13 9 3.8 7 1.6 I 0.02 — Git 
Big Creek (Mobile, Ala.) 20 5 5 5 0.7 2.8 0.03 27 6.2 
Catawba River (Charlotte, 

N.C.) 35 V4. 12 19 2.7 2,2 0.08 13 7.2 
Lake Superior (Duluth, Minn.) 5A d4 3.38 50 I 38.5 — | 7.4 
Green River (Tacoma, Wash.) 59 18 = 28 ay) 2 6.30 QO 7.4 
Delaware River (Morrisville, 

Pa.) 84 5+ 4.7 38 21 4.6 0.06 7 7.1 
Well (Camden, N.J., Morris 

Well 3) 86 63 6.2 54 15 5.2 5.5 4 O.4 
Wells (Memphis, Tenn., Park- 

way Field) D4 3o 13 85 3,7 2.6 0.43 7 6.9 
Brandywine Creek (Wilming- 

ton, Del.) 108 56 12 td 22 6.5 0.08 20 6.5 
Lake Ontario (Oswego, N.Y.) 179 140 1.2 115 29 26 0.38 6 7.49 
Wells (Long Beach, Cal.) 216 3600 OL 176 8.7 22 0.06 80 8.4 
Mississippi River (New Orleans, 

La.) 262 175 10 161 51 2 0.36 — 7.5 
Well (Fort Lauderdale, Fila. 

Flialeah Well 1) 330 252, 6.8 265 30 22 La — FB 
Missouri River (Kansas City, 

Mo.) 365 221 12 192. 120 19 _ — 8.3 
Monongahela River (Clairton, 

Pa.—low flow) — 184. —_ Q 30-4 9.6 8 3.5 
Wells (lhizabeth City, N.C.) 405 18204 208 29 88 8.1 23 «6.7 
Raccoon River (Des Moines, 

Ia.) 432 342 16 330 87 14 0.10 5 7.6 
Mountain streams (Altoona, 

Pa.) A57 260 13 0 2080 14 0.70 4 3.45 
Wells (Manhattan, Kan,) 488 370 3k 428 2 18 0.69 2 73 
Colorado River impounded in 

Luke Havasu (Los Angeles, 

Cal.) 661 B15 8 137-290 79 _ wm 84 
Wells (Hutchinson, Kan.) 853 352 «16 255 = 125 230 0.0 0 7.3 


Well (Dallas, Tex., Well 39) 1040 24 ©6222 542 259 


95 0.02 Q0 8.2 








If rain falls on a mountain of rock from which it runs off rapidly as surface water 
into a river, it has only a slight chance to take anything into solution. The Tuolumne 
River in Yosemite National Park, which is impounded in the Hetch Hetchy Reservoir 
to supply San Francisco, picks up only 13 Ib. of dissolved substances in a million pounds 
of water. The amount of finely-divided suspended solids also tends to be low. 

In contrast, if rain falls steadily over the central plains, every stream begins to 
wash away particles of soil at an accelerated rate. The burden of suspended solids 
becomes high, as do the substances in solution. In Table IIT, the Missouri River at 
Kansas City isan example. Part of the rainfall, however, soaks into the soil, through 
which it may percolate for hundreds of miles as ground water. In so doing, it has an 
opportunity to pick up dissolved solids by contact with various minerals. When 
pumped from a well tapping the underground flow, it might show almost any analysis 
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from the relatively soft water of Memphis, Tennessee, to the hard and saline water of 
Hutchinson, Kansas, or the soft but still more heavily loaded water of well 39 at Dallas, 
Texas. 

Surface water normally becomes saturated with oxygen, carbon dioxide, and other 
gases from the air. In well-populated regions, either raw sewage or the effluent from 
treatment plants is contributed to the water. Likewise, the water may carry wastes 
from extremely varicd industrial operations. 

Ground water in general shows little dissolved oxygen and little contamination 
by sewage or industrial wastes. It may, however, contain considerable carbon dioxide. 

Hach of the substances carried as suspended solids, dissolved solids, or dissolved 
gases influences in various ways the behavior of the water when it is employed for 
different specific purposes. In a very real practical sense, water is not just water, but 
is characterized. by the dissolved and suspended substances it contains. 


INDUSTRIAL WATER 
Procurement 


A company seeking a location for a new industrial plant must consider the re- 
sources of surface and ground water as carefully as the cost of energy and the materials 
to be processed. Is the supply of water adequate? At all times during the annual 
cycle? For the future, as well as now? What troubles will the available water cause 
in the operation of the plant? If there are alternative sources, which will cost the least, 
tousein thelongrun? Getting the right answers is important (1). 

The over-all cost of water will depend on many factors of which the followmg are 
most important: 


|. Cost of getting the water into the plant by: 
(a) purchase from an established distributing agency, such as a city water 
department, 
(b) independent development of a, surface or ground water supply. 
Cost of primary treatment for general use by: 
(a) clarification, 
(b) filtration, 
(c) softening, 
(d) special treatment to remove iron, manganese, sulfide. 
3. Cost of secondary conditioning for specific use in: 
(a) generation of steam for power or process, 
(b) cooling, 
(c) direct use in process. 
4, Cost of maintenance and replacement of lines and equipment damaged by 
water through: 
(a) corrosion and cracking of metallic materials of construction, 
(b) chemical and biochemical attack on wood in cooling towers, 
(c) deposits of scale, sludge, or slime. 
5. Cost of loss in production due to: 
(a) unscheduled outages of equipment, 
(b) reduction in flow in lines, , 
(c) decrease in heat transfer. 


bo 
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6. Cost of damage to product by water in process operations, such as: 
(a) staining by corrosion products, 
(b) uneven dyeing of fabrics washed in water not adequatcly softened, 
(c) poor adhesion of finishes on steel due to dissolved solids dried out on metal 
surface. 
7. Cost of treatment and/or disposal of contaminated effluent. 


These component costs are so mutually dependent that uo simple choice is usually 
evident. However, an engineering study of the entire projected use of water within 
the plant and of the optimum way to prepare the water for the different uses may well 
save more dollars during each year of subsequent operation than the entire cost of the 
original study. 

Procurement. of water may continue to be important to a plant throughout, its 
operating life. Where ground waicr is the most available source, vigorous industrial 
expansion in a limited area tends to cause withdrawal of water from wells more rapidly 
than they are recharged by percolation along the water-bearing formation. The situa- 
tion may become critical, as it did at Louisville, Kentucky (39), and at Texas City, 
Texas (29), during World War II. 

Even though the underground aquifer is capable of supplying more water than is 
withdrawn, it tends to become progressively more plugged with finely divided par- 
ticles of solid, so that less and less water ean be pumped from a well. Chemical clean- 
ing to dissolve or disperse the fines in the vicinity of the well may be essential to con- 
tinued operation of the plant (15). 

A source of water originally satisfactory for industrial use sometimes becomes so 

contaminated that it can no longer be used. For example, withdrawal at too great a 
rate from wells near the coast has resulted in the intrusion of sea water (26). A 
similar difficulty can occur when sea water backs up into the estuary of a river during 
a period of low flow (81). Inland surface supplies are always subject, to changes in the 
character and amount of contamination as a resut of industrial growth aud the de- 
velopment of new processes in existing plants. 
' An important and relatively new development in procurement of water for in- 
dustry is the use of the effluent from a municipal sewage disposal plant (41). Since 
1942, the Sparrows Point Plant of Bethlehem Steel Company has used treated effluent. 
from the city of Baltimore (48). In 1947, the amount that could be withdrawn for 
this purpose was increased to 100 million gallons per day. Use of such water is re- 
stricted to cooling operations and there is no interconnection with the sanitary water 
system. 


Primary Treatment 


What should be done to a water to prepare it for general use in a plant depends 
both on the substances carried by the water in suspension and solution and on the major 
uses to which the water will be put. ‘Those steps in treatment that frequently are 
applied to all or most of a plant water are generally referred to as primary treatment; 
different types of secondary conditioning may then be necessary for specific uses, such 
as generation of steam, cooling, or processing of materials. Where a plant requires 
water of progressively higher quality for different purposes, successive stages of treat- 
ment may be designed. 

The operations considered here as primary treatment are: clarification, filtration, 
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and softening, which have been diseussed in considerable detail in many books and 
technical papers (6,10,19,28,30), together with the removal of iron, manganese, and 
sulfide, particularly troublesome constituents of some water supplies. For clarifica- 
tion and filtration, see pp. 955-58. See also Sedimentation. 


SOFTENING 


“Tard” water traditionally is water from which an insoluble soap precipitates 
when a soluble sodium soap is added. The precipitate, in general, is a mixture of cal- 
cium and magnesium soaps, Hence, hardness 11 water is commouly considered to 
mean the total concentration of calcium and magnesium ions (4), These are impor- 
tant not only with respect to washing operations in industry, but also the deposition of 
scale in boilers, condensers, and other heat exchangers. Hardness has commonly 
been expressed in terms of Lhe equivalent amount of calcium carbonate in grains per 
gallon (@.p.g.). One grain per gallon equals 17.1 parts per million (p.p.m.).  Chemi- 
cal equivalents per million (e.p.m.) has been recommenced as the fundamental unit 
for reporting hardness (8); since the equivalent weight of calcium carbonate is 50, 
hardness in e.p.m. is numerically /59 of hardness im p.p.m. and 17-129 or approxi- 
mately !§ of harduess in &.p.g. 

Boiling a hard bicarbonate water drives off carbon dioxide, with resultant pre- 
cipitation of part of the hardness, The term temporary or carbonate hardness accord- 
ingly has been used to describe that portion of the total hardness equivalent to the 
hicarbonate content of a water. Any remaining hardness has been known as the per- 
manent or noncarbonate hardness. 

The amount of a standard soap solution required to produce a stable lather when 
shaken with a sample of water was the measure of total hardness most commonly used 
for more than a century after it was described by Clark in 1841. Since 1950, the soap 
test (3) has been supplanted by the more precise and much quicker titration developed 
by Schwarzenbach (50). This depends ou the change i: color of an indicator sensitive 
to magnesium ion when ealeium and magnesium ions have been sequestered in a solu- 
ble complex by a salt of ethylenediaminetetraacetic acid. By using another indicator 
sensitive to calcium ion, the concentration of the latter may be determined, Mag- 
nesitim may then he calculated by difference. See Sequestering agents, 

The “softening” of water for industrial use is accomplished by one or more of four 
major techniques: evaporation, precipitation, ion exchange, and sequestration. 

Evaporation has been used to produce substantially pure water for make-up to 
high-pressure boilers or for industrial procésses in which even small amounts of dis- 
solved salts would be objectionable. Single-effect: bent-tube evaporators are com- 
monly employed in power plants (see also Vol. 5, p. 9387). Multiple-effect evaporators 
have been used to supply pure water for special purposes in industry. Condensate 
from a steam power plant or from a process using steam for heating also is water 
softened by evaporation. During World ‘War II, vapor recompression evaporators 
were used by the Armed Services to produce all water for human use from sea water on 
islands lacking an adequate supply for large numbers of men (5), The classic world- 
wide example of water made soft by evaporation is afforded by rain. 

Since an evaporator is a boiler, although operating at a relatively low pressure 
and temperature, it may require primary treatment of its feed water or internal chemi- 
cal conditioning to minimize the difficulties subsequently described (see p. 937), 
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Precipitation of calcium and magnesium ions is accomplished most economically 
by the use of lime to remove the carbonate hardness: 


Ca(HOOs); -+ Ca(OH): ———> 2 CaCOs + 2 H20 
Mg(HCOy2 + 2 Ca(OH)2 ——> 2 CaCO; + Mg(OIl), + 2 0 


Soda ash is also used if the chemical balance of the raw water has a significant amount 
of noncarbonate hardness: 


CuSO4 -+- NagCO,; ——— CaCO, + Nagd0, 
MgCh + Ca(OH) -+- NazCO; ——— Me(OH), + CaCO: + 2 NaCl 


Raw water in : _- 
Chemical in Th 
arora . Softened 
— water to 
filter 






Sludge blanket 


/\ | Sludge out 
Fig. 1. Hot-process lime-soda softener (upflow type with sludge blanket). 
Equilibrium calculations have been. represented in complex graphs (9). A prar- 


tical problem is posed, however, ‘by the fact that precipitation, particularly of calcium 
carbonate, tends to be incomplete, Accordingly, quantities of lime and soda ash in 


WATER (INDUSTRIAL) 933 


excess of those theoretically recjuired for a particular water are actually used. The 
optimum excess to leave the lowest residual hardness is best determined in practice. 

Softening by precipitation becomes more complete with increase in temperature. 
A “cold-process” softener operating at ordinary temperatures may leave 0.3-0.5 e.p.m. 
of hardness while the effluent from a “hot-process” unit operated under 3-5 p.s.i. 
steam pressure at 220-225 °T’, will show only 0.15-0.2 e.p.m. Relief of supersaturation 
at lower temperatures is also improved somewhat by retaining the water in the softener 
for a longer time. Recirculation of previously precipitated sludge to form a blanket 
through which the newly treated water passes is more practical in most cases than 
merely allowing a long time of reaction. A cross section through a softener of the 
sludge-blanket type is shown in Figure 1. 

The hot lime-soda system functions not only as a softener but as a means of re- 
moving silica. Dissolvecl silica is adsorbed or reacts at the surface of each precipi- 
tated particle of magnesium hydroxide. To increase the amount of surface capable of 
removing silica from solution, magnesiium-containing dolomitic lime is used instead of 
high-calcium lime. Alternatively, magnesium oxide prepared in a manner to pro- 
duce an extended and readily hydrated surface may be added to the softener. Only 
1-2 p.p.m. of SiO» (0) or even less may be left, in the effluent, 

In an effort to reduce the residual hardness from a hot-provess softener, a separate 
second stage utilizing phosphate to precipitate calcium was sometimes employed. 
The effluent tended, however, to remain supersaturated with respect to calcium phos- 
phate and to deposit this excess in the piping following the softener. Continuous 
controlled addition of acid to the water leaving the softener was usually necessary to 
prevent serious reduction in the capacity of the lines. The phosphate softener was 
rendered obsolete by the development of synthetic ion-exchange resins stable in the 
hot water from the lime-soda softener. 

Known as the hot lime-zeolite system, the combination of precipitation. and ion 
exchange provides nearly complete removal both of silica in the precipitation step and 
of hardness in the ion-exchange step. Residual values of 1-2 p.p.m. of SiO. and 2 
p.p.m. of hardness as CaCO are obtainable. 

Filtration. is generally desirable following a lime-soda softener, Sand has been 
used to handle the effluent from a cold-process unit, but the hot, alkalme water from 
a unit, operated at higher temperatures dissolves silica from the sand. Where the 
water from a hot-process softener is to be employed as boiler feed water, as is frequently 
the case, the filter bed is accordingly constructed of a nonsiliceous material. Anthra- 
cite has been widely used for this purpose. 

Ton Exchange. Softening by ion exchange (q.v.) is widely used. The natural 
and synthetic inorganic zeolites once employed for this purpose have been largely 
displaced by synthetic organic resins. In the solid particle of exchange material, 
charged with sodium ions by contact with a solution of ordinary salt, sodium ions are 
replaced by calcium and magnesium ions. When the ion-exchange material has ab- 
sorbed all it ean hold, it can be regenerated by means of the salt solution, The cycle 
of softening and regeneration can be repeated indefinitely if fouling with organic 
slimes, oxidized iron or manganese, silt, or precipitates from prior lime-soda softening 
is obviated. 

When a hard, bicarbonate water is softened by ion exchange on the sodium cycle, 
the result is a dilute solution of sodium bicarbonate. As this is fed to a boiler, ear- 
bon dioxide passes into the steam and caustic soda accumulates in the boiler water: 
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2 NaHCO; ——> NasCO, + G20 + CO» 
Na.GOs +- 1120 ——— 2 NaOH + CO; 


To obviate undesirable effects of this decomposition in the boiler, acid may he fed to 
the effluent from the exchanger, and the water then run down a baffled wooden tower 
against a rising stream of air which scrubs out the carbon dioxide released hy the acid. 
Careful control obviously must be maintained to avoid feeding acid at a rate that will 
cause an excess of acid to be present in the water leaving the bottom of the decar- 
bonator. 

An alternative method of using acid to remove carbon dioxide is to charge an ion 
exchanger with hydrogen ions. When water is then passed through the bed of this 
exchange material, tt comes out as a mixture of acids: 


2NalICOs + Haz ———> 2 BLO + 2 CO. + Nin 

CaCHCOn: + Tae +210 + 2CO. + CaZ 
2 NaCl + Te% ———> 2 LIC] + NaiZ 
Mgs0. 4+ FZ > WSO, + MgZ 








The content of strong acids, such as hydrochloric and sulfuric, in this stream from the 
hydrogen exchanger can then be balanced against the content of bicarbonate in the 
stream from a parallel sodium exchanger so that the blended streams will loge suh- 
stantially all of their carbon dioxide in a decarhouator. An advantage of this proce- 
dure over simple neutralization by added acid is the reduction effected in the content 
of dissolved solids, 

Whether the acid for neutralization is used directly or as the regenerant for a 
hydrogen-cycle exchanger in a split-stream operation, the effluent from the bottom of 
the decarbonator will be corrosive hecause it is saturated with oxygen and because the 
pH must be low in order to allow carbon choxide to he removed as completely as pos- 
sible, preferably down to about 5 p.p.m. Corrosion-resistant piping, such as stainless 
steel or plastic, accordingly must be used to carry the water until specific steps arc 
taken to reduce its corrosivity. 

An alternative system of ion exchange makes possible both the softening and de- 
alkalization of water without the use of acid. It requires the combined use of both 
cation-exchange resin and anion-exchange resin, each of which is regenerated with 
ordinary salt. Bicarbonate ion is replaced with chloride ion, while calcium and mag- 
hesium ions are replaced by soclium ion. 

By employing the two types of resins either in series or in a mixed bed and re- 
‘generating the cation exchanger with acid and the anion exchanger with caustic soda, 
substantially complete removal of dissolved salts can be obtamed. Water so pure that 
it exhibits a specific resistance of 10 million ohms or more can be prepared by this 
process of detonization or demineralization. Of particular importance with respect. 
to feed water for high-pressure boilers is the ability to remove silica down to a residual 
of only 0.01-0.02 p.p.m. of SiOs. 

Dialysis. Various efforts have been made to remove dissolved solids from water 
by electrodialysis in a series of cells separated from each other by permeable mem- 
branes. Since cations and anions tend to migrate iu opposite directions to the elec- 
trodes in the end cells, water of low solids content can be withdrawn after a while 
from the middle of the system. Both technical difficulties and cost have stood in the 
way of industrial purification of water by electrodialysis, Even the use of thin sheets 
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of ion-exchange resin as the membranes (17) seems unlikely to overcome the basic 
fact that both investment in plant and operating costs must be high. See also Dialysis 
(electrodialysis). 

Sequestration is applied frequently not only as primary treatment but also as 
secondary conditioning following primary softening by other means. Sequestration 
of calcium and magnesium ions in a soluble complex so very stable that addition of 
soap produced no precipitate was first accomplished in 1932, using the sodium phos- 
phate glass known as Graham’s salt or sodium ‘“hexametaphosphate”’ (see Vol. 10, 
p. 418) (44). Modified sodium phosphate glasses containing from 67 down to 68% 
P.05, as well as crystalline sodium triphosphate(tripolyphosphate), NasP;On, have 
since been used widely in industrial and domestic washing operations, not only in con- 
junction with soap but also with synthetic detergents. The phosphates disperse soil 
ag well as sequestering all hardness, both that initially present in the water and that 
brought in on the objects being washed. 

Organic sequestering or chelating agents, such as the sodium salts of ethylene- 
diaminetetraacetic acid form a highly stable complex with many metal ions, including 
iron as well as calcium and magnesium. In spite of their relatively high cost, these 
sequestering agents (g.2.) have found a number of special industrial applications, such 
as the control of hardness and iron in textile dye baths operated at or near the boiling 
point, 

For any industrial plant and its available source or sources of water, two questions 
naturally occur. (1) Will softening be essential or desirable? (2) If so, what method 
of softening should be chosen? The answer to the first question may be obvions be- 
cause of past experience; an engineering analysis of the situation usually will be nec- 
essary, however, to provide an answer to the second which will be sound from a tech- 
nical and hence from ai economic viewpoint. A great deal of money has been ill 
spent on softening plants poorly adapted to specific needs. 


REMOVAL OF IRON AND MANGANESE 


Dissolved iron and, less frequently, manganese may prove to be a serious problem 
in the industrial use of water. After exposure to the air has oxidized ferrous or man- 
ganous ion, colored precipitates of hydrous ferric oxide or manganese dioxide are 
formed which not only tend to plug lines and foul equipment but also stain prod- 
ucts with which they may come in contact. 

Aeration followed by settling and filtration is used to remove iron where no other 
primary treatment is required. Addition of chlorine may he desirable in some cases to 
speed the oxidation of the iron to completion. Softening by precipitation normally 
takes out substantially all of the dissolved iron. Softening by ion exchange will re- 
move dissolved iron in the ferrous state and this can be displaced from the resin during 
regeneration. However, if oxidation of the iron has commenced due to contact of the 
water with air prior to the ion-exchange unit, the resin will tend to become coated with 
hydrous ferric oxide and thereby lose capacity. 

Mauganese is more difficult to remove than iron, Chlormation beyond the break- 
point, which signifies that everything m the water has been completely oxidized, is 
necessary (20) (see p. 960). To minimize plugging of the final sand filter, it may be 
desirable to pass the water first through a contact filter of anthracite and then through 
a settling basin. 

Removal of iron or manganese from well water is actually unnecessary in many 
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cages, since a few parts per million of either may he adequately controlled by the glassy 
sodium phosphates previously mentioned in connection with sequestration (46). 
From 1 to 4 parts of the complex phosphate are required for each part of dissolved iron, 
Somewhat greater amounts may be necessary to control manganese. In either case, 
it ig essential that the phosphate be present in the water before the iron or manganese 
is subjected to contact with air or any other oxidizing agent, such as chlorine. Where 
the glassy sodium phosphates are not sufficiently stable, as in the hot textile dye baths 
previously mentioned, the more expensive salts of ethylenediaminctetraacetic acid 
provide effective control of iron or other metal ions. 


REMOVAL OF SULFIDE 


Some well waters carry dissolved sulfides which accelerate corrosion of steel equip- 
ment in addition to producing a nuisance as far as taste and odor are concerned. Sul- 
fide-contaminated water also results from the mining of sulfur by the Frasch proc- 
ess. In this industry hydrogen sulfide is removed from the water before it is reheated 
and recirculated underground to melt more sulfur. This is done by allowing the con- 
taminated water to cascade down over wooden towers countercurrent to a rising stream 
of air. Where substantially complete elimination of sulfide is necessary, the pF of the 
water should be recluced to 4-5 before it is subjected to forced-draft acration, As a 
final step, chlorine is used in an amount sufficient, to oxidize the residual sulfide (31). 


VACUUM DEAERATION 


Dissolved oxygen accelerates corrosion by water. Whenever a well water sub- 
stantially devoid of oxygen is aerated to remove carbon dioxide, hydrogen sulfide, or 
iron, or is heavily chlorinated to remove organic matter or manganese, the resulting 
water is very corrosive to steel. Since all surface water supplies tend to approach 
saturation with respect to oxygen, they also are inherently more corrosive than they 
would be if the oxygen were removed. 

Deacration by heating to or even above the atmospheric boiling point is prac- 
{iced in power piants where the feed water must be heated anyway. Tor mechanical 
deaeration of water at ordinary temperatures, it is necessary to use vacuum to remove 
the dissolved gases. To provide a large surface for transfer of these gases to the vapor 
phase, the water is sprayed into the shell of the deaerator, which is maintained under 


low pressure by a pump capable of evacuating the gases more rapidly than they are 
released (31). 


Secondary Conditioning 


Even after an industrial water supply has been clarified and softened, it may still 
cause trouble when used as feed water for a boiler or as cooling or process water. For 
each specific application, some form of secondary conditioning may be jecessary Lo 
achieve the optimum of lowest over-all costs. 

Chemical conditioning of water requires equipment for feeding, systematic test- 
ing to maintain proper concentrations in the system, and technical supervision, in 
addition to the cast of the chemicals themselves. There is naturally a strong interest 
in achieving desired results by more simple means. As a result, there has been a con- 
tinuing succession of devices since 1865 purporting to prevent scale and corrosion by 
nonchemical means. Alleged to produce the desired results by electrical, magnetic, 
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catalytic, radioactive, or supersonic forces, the actual performance of these “gadgets” 
onl industrial water has been poor (42). 

While cathodic protection has produced real benefits in the protection of buried 
pipe lines from corrosion by ground water and of ships’ hulls from corrosion by sea 
water, it has not proved generally practical to apply sacrificial anodes to the protection 


of the internal surfaces of water distribution systems or the complex equipment through 
which water passes. 


WATER FOR GENERATION OF STEAM 

The Industrial Revolution was based upon the use of water as 4 means of convert- 
ing into mechanical work the energy released by a chemical reaction between coal and 
au. Hven though fossil fuels may be replaced by nuclear energy, the production of 
steam from water still seems likely to retain, at least through the 20th century, its 
important place in the generation of power. Equally certain is the continued use of 
steam for process heating. 

When water is converted into steam (qv.) in a boiler, the substances initially 
present in solution in the water have only three places to go: (1) They may concen- 
trate in the water remaining in the boiler as dissolved solids, which must be removed 
intermittently or continuously by blow-down to waste. (2) They may precipitate 
from solution to form either deposits of boiler scale on the surfaces where boiling takes 
place or particles of suspended solids which may collect in some portion of the boiler as 
sludge. (8) They may be picked up by the steam leaving the boiler and be trans- 
ported as carry-over to the superheater and the equipment ultimately receiving the 
steam. At the same time, the water is continuously reacting with the steel, so that 
corrosion must be added to the list of problems to be faced in the conditioning of water 
for generation of steam. 

The purpose of boiler water conditioning is to keep the over-all cost of generating 
steam to 8 minimum by obviating failures of equipment and by reducing the amount of 
maintenance work required, To this end it is essential to control corrosion, to prevent 
seale, and to maintain the purity of the steam. 

Control of Corrosion (q.v.). While water is being converted into steam in the 
boiler and then heated to a still higher temperature in the superheater, the confining 
surfaces of steel are reacting with the water or steam to produce iron oxide and hydro- 
gen: 


3 Fe + 4H,0 ———} Fe,0, + 8H 


Were it not for the fact that the reaction can be almost completely stifled by the first 
iron oxide developed on the metal surface, boilers could not be made of ordinary low- 
carbon steel. Progressive increases in the temperature of superheated steam have only 
been made possible, as a matter of fact, by the application of alloys capable of produc- 
ing a more protective coating. It has truly been said that a boiler, from the chemical 
viewpoint, is a thin film of iron oxide supported by steel, 

To produce and maintain the most protective oxide film is one of the primary 
objectives of the chemical conditioning of boiler water, which was first reduced to a 
scientific basis during the period from 1922 to 1926 (12). Two things must be done: 
(1) dissolved oxygen must be substantially eliminated from the feedwater and (2) 
the concentration of free sodium hydroxide in the boiler water must be maintained in a 
favorable range. 
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Dissolved oxygen is most economically removed from feed water by mechanical 
deaeration. An open heater of the simple spray or tray type, although nominally 
guaranteed only to reduce oxygen below 0.03 ml. /liter(0.048 p.p.m.), often will leave 
only 0.01 ml./liter(0.014 p.p.m.) or Jess, Even lower figures, down to 0.005 ml. /liter 
(0.007 p.p.m.), are guaranteed for more elaborately designed two-stage deaerators. 
Methods for determining residual dissolved oxygen down to this low level are available 

2). 
©) As a second line of defense, an oxygen scavenger is frequently added, preferably 
+o the storage space of the heater. Sodium sulfite, widely used for this purpose, ends 
up as dissolved sulfate in the boiler water: 
2 NaSO; + QO, —— > 2 NasSd, 


and may also undergo reduction to sulfide at hot spots, but it is inexpensive and effec- 
tive. Its rate of reaction with oxygen in unheated water may be accelerated by cataly- 
sis, using very low concentrations of several metal ious. About 0.002 p.p.m. of cobalt 
ion is usually employed where protection of cold-water lines and equipment is important. 
No catalyst is needed at the higher temperatures following mechanical dexeration, 
where sulfite is usually employed. 

A small excess of sulfite is muintamed in a boiler water to serve as an indication 
that dissolved oxygen is being completely eliminated. ‘This may range from. as little 
as 1 p.p.m. in central-station operation to 60 p.p.m. or more in low-pressure industrial 
boilers. 

Following the large-scale production of hydrazine as a rocket fuel in Germany 
during World War II, this substance was also applied as a chemical scavenger for dis- 
solved oxygen. Its advantage of not adding dissolved salts to the boiler water while 
combining with oxygen according to the reaction: 

NoHy + QO, —, Ne -- 2120 


has been offset, however, by its high cost and its slow rate of reaction with dissolved 
oxygen at the temperatures up to about 220°F, and pH values up to about 9 character- 
istic of many boiler feed waters. In high-pressure boilers, hydrazine decomposes so 
rapidly to ammonia that only a very low residual concentration, of 0.005-0.01 p.p.m. 
is maintained. 

The second requirement of maintaining the concentration of frec sodium hydroxide 
in the boiler water in a favorable range involves judgment and practical experience 
(27). Both pure water and strong caustic solutions attack steel at boiler temperatures 
more rapidly than water containing a few hundred parts per million of sodium hydrox- 
ide. However, the concentration of dissolved substances may vary a great deal from 
point to point within a boiler. If the mass of water iu a drum contains 300 p.p.m. of 
sodium hydroxide, the concentrating film on the surface of a tube producing steam at a 
high rate may contain so much caustic that the metal will be attacked (33). Tubes 
that are horizontal or only slightly inclined are more likely to be damaged hecause 
steam trapped along the top of the tube tends to cause overheating of the steel, with 
correspondingly rapid attack by the concentrating film (28). 

Tt is necessary to judge the optimum concentration of sodium hydroxide for a 
boiler initially in terms which include its design and how much steam it is required to 
deliver, then finally by its performance. Since the concentration of sodium hydroxide 
affects also the behavior of the sludge and the purity of the steam, no simple rules will 
cover all cases. Most boiler waters under chemical control will have limits for the 
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concentration of sodium hydroxide set somewhere in the range from 25 to 500 p.p.m. 
of NaOH. , 

When the drums of power boilers were fabricated with riveted seams, a number of 
serious explosions occurred because cracking from rivet hole to rivet hole along a seam 
was induced by the combined effects of stress in the steel and accumulation of a con- 
centrated solution of caustic between the plates. The cracking resulted from inter- 
granular corrosion, such as that illustrated in Figure 2, which progressively weakened 
the stecl until it would fail in an apparently brittle manner. This caused the type of 
failure to become known as caustic embritilement (36). Since boiler drums are now 
almost universally constructed with welded seams, the only locality where caustic 
embrittlement is still likely to occur is in the end of a tube, where rolling into a header 
or a drum may provide the necessary combined factors of stress and caustic concen- 
tration. Cracking of tube ends is, however, rare. 





Fig. 2. Microstructures of steel (><300, nital etch): (a) Caustic embrittlement of a 
tube end in low-pressure boiler (note normal microstructure with no evidence of decar- 
burization); (b) Hydrogen embritilement of a wall tube in a 1400-p.s.i, boiler (note 
many ruptured grain boundaries and general decarburization). 


The most effective chemical means of minimizing caustic embrittlement is to 
maintain sodium nitrate in the boiler water in a ratio of 0.4 part of sodium nitrate for 
each part of sodium hydroxide (8,34). 

Intergranular damage in steel is also produced in relatively rare cases by hydro- 
gen resulting from local reaction of the steel with the boiler water. At least part of the 
hydrogen enters the metal in atomic form, As it diffuses through the steel, it reduces 
carbides at grain boundaries, forming methane which cannot escape because of the | 
relatively large size of its molecule. The effect on the microstructure is dicated in 
Figure 2, When enough grain boundaries have been ruptured, cracking in an ap-~ 
parently brittle manner occurs. This type of failure, which characteristically shows 
some evidence of decarburization, is known as hydrogen embrittlement. Stress is an 
accelerating factor, as is moderate overheating. Free caustic is not necessary, how- 
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ever, as hydrogen embrittlement has been obgerved in boilers from which all alkaline 
materials were carefully excluded (27). 

Corrosion may occur not only in the boiler but also after the steam has condensed 
again to water. Where a heating system is not opcrated continuously under pressure, 
oxygen in the air drawn back into the lines or equipment when the steam is turned off 
accelerates the attack of the condensate on the metals in the system. Moreover, when 
a water containing bicarbonate is fed to a boiler, the steam will carry some carbon diox- 
ide aud the condensate accordingly will tend to be acid. Return lines through which 
such condensate is owing may be eaten away in a lew months. 

To neutralize the carbon dioxide in steam, volatile alkalies such as ammonia, 
cyclohexylamine, or morpholine are fed to maintain the pH value of the condensate at a 
level sufficiently high to minimize corrosion (25). Where condensate is not returned 
to the boiler and where inleakage of oxygen is a factor, liming amines such as n-octa- 
decylamine are used as inhibitors of corrosion (45,49). This type of substance affords 
protection by forming an adsorbed film on the metal. 

Damage by corrosion while a boiler is out of service probably exceeds that oc- 
eurring during use. To protect equipment during stand-by, it should either be kept 
thoroughly dry or should he completely filled with water containing sodium hydroxide 
and sodium sulfite (13). 

Prevention of Seale. The earliest boilers used to blow up all too frequently 
because the shell and the fire tubes through which heat was transferred from the furnace 
to the water became covered with a thick “fur” or scale. This was usually calcium 
sulfate or calcium carbonate, depending on whether the water had flowed through 
gypsum or through limestone on the way to the point of usc. Less frequently, scales 
of calcium silicate were encountered. Through the first quarter of the 20th century, 
hard scales of calcium compounds were a common cause of failure of boiler tubes by 
overheating and blistering. 

Originally, it was assumed that the seale resulted from the baking-on of separate 
particles of solid which had precipitated in the boiler water as it was concentrated, 
then settled on the boiler surfaces. By 1925 it was known that the scale actually 
erystallized from solution directly onto the heat-transfer surface (11). This led to the 
system, later adopted throughout the world, of maintaining at all times in the boiler 
water a small but sufficient excess of phosphate ion so that all calerum ion entering 
with the feed water would be precipitated as a loose sludge of calcium phosphate rather 
than asa hard scale. The calcium phosphate formed is generally hydroxylapatite, as 
indicated by the equation: 


10 CaCl. + 6 NasPO, + 2 NeQH 





> Cai(PO0( OH), + 20 NaCl 
hydroxylapatite 
Magnesium ion, on the other hand, is preferably precipitated as magnesium silicate, 
rather than as magnesium phosphate or magnesium hydroxide. The magnesium 
silicate consistently formed in boiler sludge is the mineral serpentine, as indicated by 
the equation: 
3 MgSO, + 2 NaSiOg + 2 NuOH + HeO ———+ 3 Mg0.2 SiO:.2 HiO -+ 3 NasSO, 
Serpentine 

Although sludge does not usually accumulate to a significant extent in the tubes 
where water is boiling vigorously, it may tend to stick to the surfaces immediately 
following the mixing of incoming feed water with the boiler water. In an attempt to 


WATER (INDUSTRIAL) 947 


minimize such deposits, various organic materials, including tannins, derivatives of 
lignin, and extracts from scaweed have been employed as dispersives, but with only 
partial success. While in many cases the organic additives do reduce the tendency of 
sludge to adhere to surfaces which are relatively cool, they may add to the amount of 
deposit. on some “‘hot spot’’ receiving heat at an exceptionally high rate (18). In — 
extreme cases, elemental carbon resulting from decomposition of an organic dispersive 
has formed 15-20% of a deposit which was chiefly complex sodium aluminum silicate. 
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Wig, 3. Hide-out of silica and phosphate in a high-pressure high-capacity boiler. 


The complex silicates, of which analcite, NaAISi,O,.H2O, occurs most frequently 
in boilers, may be deposited when the boiler water is being concentrated locally to an 
extreme degree (33). Generation of steam bubbles at a tube surface tends to leave 
next to the surface a film of water in which dissolved solids are concentrated. Unless 
thig film is continuously and sufficiently rmsed away by the turbulent flow of boiler 
water through the tube, even such soluble constituents as sodium sulfate and sodium 
phosphate may be laid down as well as the complex silicates. | 

The soluble sodium sulfate, phosphate, and silicate deposited locally from the 
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concentrating film during periods of high load on a boiler may be redissolvecl when the 
rate of steam generation is reduced. The term ‘‘hide-out” has been applied to this 
disappearance and reappearance of soluble constituents, an example of which is rep- 
resented graphically in Figure 3, As the boiler load is decreased, the amount of dis- 
solved solids decreases, hecause feed water enters the boiler to replace steam, thus 
diluting the boiler water. In contrast, the amounts of silica and phosphate increase, 
showing that deposits of water-soluble solids are dissolving. When the boiler is re- 
turned to service, the dissolved solids increase as steam is produced, but silica and 
phosphate again “hide out.’? Complex silicates redissolve very slowly in comparison 
to the simple sodium salis. 

In addition to the control of sodium hydroxide in the boiler water mentioned pre- 
viously, chemical control of phosphate is generally practiced. The limiting values rec- 
ommended may range from not more than 5 p.p.m. of PO, radical in a boiler generating 
500,000 Ib. of steam per hour at 1,400 p.s.i. in a central station to 100 p.p.m. in small 
boilers at relatively low pressures. 

Control of silica is varied to meet the needs. It may he carried higher than the 
phosphate for the purpose of minimizing sludge accumulation at pressures up to more 
than 600 p.s.i., but is excluded from high-pressure boilers as completely as possible for 
the reason set forth in the following section. 

Steam Purity. Steam containing no more than 0.5 p.p.m. of solids from the 
boiler water is generally considered desirable in power plants to minimize deposition of 
the solids in the turbine. Mechanical entrainment of boiler water as foam or as a mist 
in the steam leaving the boiler accordingly must be kept toa minimum. Mcchanical 
separators comprising either small cyclones or one or more baflles to reverse the di- 
rection of steam flow are generally employed. Steam washers in which the steam flows 
countercurrent to entering pure feed water are algo used. Tivery effort is made to 
exclude foam-producing contaminants from the feed water. Specific substances that 
act to cause rapid coalescence of bubbles under boiler conditions are added as anti- 
foams. See Vol. 6, p. 776. Electrical conductivity of the condensate is measured to 
guard against contamination by inleakaye of condenser cooling water. 

In spite of all such precautions, deposition of silica may occur hn furbines using 
steam at pressures of 1200-1400 p.si. and above. This is due to the fact that steam 
at high pressure and temperature can actually carry in solution in the vapor phase a 
small amount of silica; asthe pressure and temperature decrease progressively through 
the turbine, the solubility also decreases and the silica is deposited. Tn high-pressure 
central stations, the problem of deposition of silica on turbine blades is minimized by 
keeping silica out of the boiler water as completely ag possible. 


COOLING WATER 


The need for removing heat from some operation is almost universal throughout 
industry. In the power plant, steam leaving the turbine must be condensed, as must 
the vapors from the fractionating columns in the oil refinery, the distillery, or the plant 
making organic chemicals. Metallurgical furnaces require cooling, as do dicsel and gas 
engines, welding tips, reaction vessels, air-conditioning units, to mention only a few. 
Water is the universal coolant. 

Where water is plentiful and costs little, it is run continuously through the equip- 
ment to be cooled. If the water leaving such a “once-through” system picks up enough 
heat to raise'its temperature 10°F, then 100 lb. of water would be required to dissipate 
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1000 B.t.u. Shortage of water or the cost of procuring large quantities has led to the 
widespread adoption of cooling towers in which the evaporation of only 1 |b. of water 
will remove the same amount of heat, the rest of the water being recirculated. 

Since a cooling tower evaporates water, any dissolved solids must concentrate in 
the system, as in a boiler. Blow-cown of some water is therefore essential. This may 
be regulated manually on the basis of chemical tests or either manually or automati- 
cally on the basis of electrical conductivity. 

Treatment of a specific water to produce optimum results in cooling differs from 
treatment required by the same water as feed for a boiler. While removal of suspended 
silt, may be necessary, there is frequently no need to soften cooling water. A hard, bi- 
carbonate water will tend to lay down a seale on any hot metal surface, bub this can be 
prevented in most cases at temperatures up to the atmospheric boiling point by adding 
to the water only about 2 p.p.m. of a complex phosphate which mhibits crystallization 
of calcium carbonate (48). Sulfuric acid may also be employed under careful control 
to neutralize part of the alkalinity. 

Cooling water almost always corrodes steel and may attack other metals in equip- 
ment through which it passes. In recirculating systems, this corrosion is commonly 
controlled by adding various inhibitors, such as a complex glassy phosphate, alone 
(47) or with a chromate (14). Because so much more water is discharged from a once- 
through system, chemical treatment beyond such rudimentary measures as adding lime 
to neutralize aciclity may be uneconomical. 

Much effort has been expended on attempts to control the composition of a water 
so that if would lay down a coating of calcium carbonate so thin as to have no appre- 
ejuble effect on heat transfer yet so continuous and impervious that it would protect 
the metal surfaces in a distribution system and the equipment served by it. The 
Langelier index (16), which is numerically the difference between the actual pH of the 
water in 2 system and the pH at which that water would be saturated with respect to 
calcium carbonate, has been used to a considerable extent as a guide. A water with a 
slightly positive index, indicating some supersaturation with respect to calcium car- 
bonate, is considered desirable. Difficulties have been encountered in practice be- 
cause deposition of calcium carbonate tends to occur wherever the degree of super- 
saturation is increased, as in the piping following upward adjustment of pH or on heat- 
exchange surfaces. Moreover, the physical characteristics of the deposit may be modi- 
fied adversely by various constituents of the water so that a good protective coating 
does not develop. 

The moderate temperatures in many cooling systems encourage the growth of 
simple organisms such as algae and bacteria. The resulting slime may seriously im- 
pede heat transfer or interfere with flow of water. To control these organic growths, 
chlorine is commonly fed to the water. Bromine has been used to some extent in 
place of chlorine. Chlorinated organie compounds with biocidal properties, such as 
chlorophenates, have been employed where the water contained so much nonliving 
organic contamination that the amount of chlorine consumed was excessive. 

Although the redwood used in cooling towers is particularly resistant to decay, 
it is subject to both chemical and biochemical damage. The more alkaline a water is, 
the greater the tendency +o weaken the wood by extracting such constituents as lignin. 
Accordingly, a pH value of not more than 7 would be considered desirable (7). Chlori- 
nation should also be limited to the minimum program that will control slime. 

.. Serious damage to wooden cooling towers, particularly to the portions, such as the 
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mist eliminators, that are moist but not covered by Howing water, has been caused by 
fungi. Treating the wood with fungicides either before a new tower is constructed or 
when attack by fungus is first noted or is feared appears to be the most practical pro- 
cedure. 

Chemical control of cooling water usually comprises a check on the hardness, the 
pH, the alkalinity, the inhibitor or inhibitors employed, and, in a recirculating system, 
the number of times the water has been concentrated. 


WATER FOR PROCESS USE 


In the process industries, water is not only used for the generation of steam power 
and for cooling, but it may also appear in varied roles in the process steps themselves 
(19). For example, water may be used to convey materials in suspension or in solution, 
to provide a medium for all types of chemical reaction, to help separate materials, or 
to become part of the product. Almost every process industry requires water in one 
operation or another. A few of the many possible examples are indicated below. 
In each process use, specific constituents naturally present or added to the water may 
cause trouble. 

In the manufacture of pulp and paper, water is used to float the logs to the pulp 
mill. Jets of water under high pressure are sometimes used to strip off the bark, 
The wood is cooked with an aqueous solution under pressure to separate the cellulose 
fibers from the lignin and other constituents. In the pulping of wood by the sulfite 
process, the liquor is heated in an exchanger which scales up with calcium sulfite 
and sulfate. The cellulose is bleached by contact with aqueous solutions of oxidizing 
agents. Iron in the water results in undesirable color. The fibers are dispersed in 
water and transported to a screen to form paper. And finally, if the paper is coated, 
the coating materials are applied in the form of an aqueous dispersion. 

Cotton, wool, and synthetic fibers all undergo repeated washing operations in 
which large quantities of water are used. Bleaching and dyeing steps likewise re- 
quire water. Hardness, color, iron, and manganese all cause trouble. 

A surface to be electroplated customarily is cleaned by means of water solutions 
first of alkali and then of acid. The desired metal is then plated onto it from another 
aqueous solution, after which it must be rised with water to remove all of the plating. 
solution. High dissolved solids in the water used to make up the clectroplating bath 
may impair the quality of the plating. 

Before organic finishes can be applied to an auto, a refrigerator, or any other metal 
object, rust and grease must be removed, respectively, by pickling in an aqueous solu- 
tion of acid, rinsing with water, washing in a strongly alkaline detergent solution, and 
rinsing again with water. An additional step of forming a phosphate coating on the 
cleaned steel surface also involves an aqueous solution. Carry-over of dissolved salts 
from the rinse water onto the cleaned steel surface can cause blistering of the finish. 

To separate coarser particles of sand from clay, the crude clay is dispersed in water. 
After the sand has settled out, the dispersed clay is flocculated and recovered. 

Spray residues comprising poisonous materials are removed from fruit by con- 
tinuous washing and rinsing operations involving the use of considerable quantities of 
water. 

In the bottling of beer and soft drinks, the product is chiefly water containing 
relatively small amounts of constituents producing characteristic flavor and color. 
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Water low in bicarbonate and high in calcium sulfate hardness has traditionally been 
desired by breweries. 

Water that might be unobjectionable for use in one process may cause no end of 
trouble in another. A hard, bicarbonate water containing 2 p.p.m. of dissolved iron 
would be suitable for quenching coke but could not be tolerated in a dye bath or most 
other textile-processing operations. In the manufacture of photographie film, chlo- 
rine cannot be used as an algicide. 


Chemical Control Methods 


All chemical treatment of water depends upon adequate chemical control in- 
volving the measurement of a constituent, such as phosphate, or of a property, such as 
electrical conductivity, In addition, it is often desirable to know the identity of the 
actual substances in a deposit or a corrosion product. For this purpose, the polarizing 
microscope and x-ray diffraction equipment have been applied. 

Methods for both chemical and instrumental analysis are continually being 
standardized and improved by the American Society for Testing Materials (19) 
and by the joint effort of the American Public Health Association and the American 
Water Works Association (85). In addition, simplified control methods are used by 
the various organizations offering consultation and technical service in the field of 
industrial water. Control methods for use in the conditioning of boiler water also 
are appended to Section VII of the Boiler Code of the American Society of Mechanical 
Engineers (87). See Water (munictpal), 
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MUNICIPAL WATER 


Most large cities must depend upon surface sources for their supply while, in 
general, small communities obtain adequate quantities from springs or deep wells. 

Municipal water is put to many andvaried uses. In addition to that used for drink- 
ing, it is the source of all uses in the home, as well as in many small industries, such as 
laundries, and in restaurants, sores, and other small business establishments. Con- 
siderable quantities are used for minor irrigations, for sprinkling of lawus and gardens, 
etc., and in recent years there has been an increasing demand for water to carry away 
the heat in air conditioners. Added to this, the city or municipality needs consider- 
able quantities in times of emergency for the fighting of fires. The demand varies from 
50 to 300 gal. per capita per day, depending to some extent upon the population, being 
in general greater in larger communities than in small ones. In most cities, it is ad- 
visable to provide emergency equipment to pump or handle more water than the nor- 
mal daily demand because of the possibility of emergencies such as extensive fires. 

The water is generally distributed under pressure through underground mains and 
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service pipes from the mains to the individual user. Pressure is maintained either by 
pumps which deliver the water under pressure into the distribution system or by tanks, 
and reservoirs at sufficient elevation to provide the neceysary static head. Where 
storage tanks are used, water is gencrally pumped into them intermittently, but the 
level is maintained between fixed points. 

Delivery of water to individual homes through an underground distribution 
system is a rather recent development in our civilization which, however, has brought 
with it new and significant routes of spreading communicable diseases. In the early 
days of this practice, adequate treatment was not instituted and proper precautions 
were not taken to prevent pollution of the water supply. The result was many ex- 
tensive water-borne epidemics that forced recognition of the need for standards of 
purity, methods of testing, and methods of purification. The U.S. Public Health 
Service has taken a leading part in this, and from time to time has published bulletins 
outlining recommended standards of purity. These have usually been adopted by the 
various state health departments, the American Water Works Association, and other 
organizations interested in public health and safe water supplies. The current stand- 
ards can be found in reference (1). The American Public Health Association has also 
been very helpful in this program and, from time to time, has published Standard 

. Methods for the Examination of Water and Sewage. Several of the latest editions have 
been published jointly by the American Public Health Association (1). In these 
bulletins are to be found the recommended methods of analysis to be used for the ex- 
amination of water. Also helpful in this program have been the contributions of many 
engineers, public health officials, and others concerned with the development of meth- 
ods of purification. These have now been perfected to the point where moderately 
polluted supplies can be rendered safe and relatively free from undesirable tastes and 
odors. 


Testing 


Before discussing the standards and methods that should be used for testing of water, it ia de- 
sirable to review the background information concerned with the philosophy behind these tests. 
Originally, a serious problem presented itself to the analyst. What kind of test can he perform on a 
sample of water to determine whether or uot it is safe to drink? The danger stems from the patha- 
genic bacteria that may be in the water. Detecting the presence of such bacteria is much more 
difficult than assaying for undesirable chemicals, since one individual disease-producing organism can 
multiply rapidly, When a few of these pathogens are mixed with many other bacteria it is difficult, 
if not impossible, to find them. Toxic chemicals, on the other hand, must be present in concentra- 
tions high enough to exert their effect andj therefore, high enough to detect. In the case of the patho- 
genic bacteria the test is so difficult and uncertain that negative results mean very little. The un- 
certainties involyed in detecting pathogens even when they are present preclude direct tests because 
negative results would be meaningless. Instead, indirect evidence that may have a high degree of 
correlation with the presence of disease-producing organisms must be depended upon. 

The first such test to suggest itself was a determination of the nitrogen content, on the assump- 
tion that if water contained disease-producing organisms it would be because of sewage contamination, 
and this would bring with it a fair amount of nitrogenous matter. Consequently, a test for nitrogen 
could indicate the possible presence of sewage. It was soon found, however, that there was very 
little correlation between the nitrogen content of the water supply and its known sanitary qualities. 
Numerous water supplies were found to contain relatively small amounts of nitrogen and yet did con- 
tain pathogenic organisms. On the other hand, many supplies were also found that contained a good 
deal of organic nitrogen and yet showed no evidence of sewage pollution or of organisms that could 
cause disease. Obviously, this lack of correlation would be the result if water could pick up nitroge- 
nous matter from sources other than sewage. This is reasonable. 
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Other chemical tests undoubtedly suggested themselves to those who were concerned with this 
problem, but all such tests failed for the sume reason, More relinble methods were developed when 
bacteriological analysis was resorted to. Here again, for the reasons clted above, indirect evidence 
must be relied upon. This means that cerlain index organisms that would come from sewage must 
be depended upon. The presence of the index organism would then indicate that the water was con- 
taminated with sewage and, therefore, might contain pathogenic microorganisms. Three different, 
groups of bacteria have been suggested as possible suitable index organisms. One is the coliform 
group (also called colen group, or coli group), which comprises a group of lactose-fermenting Gram- 
negative rods that are commonly fuund as intestinal parasites. The second is a group of anaerobic 
spore-lorming bacteria, belonging to the species Closteridium welchdi, or organisms closely related to 
this group. Theso also are believed to be common intestinal inhabitants. The third is a group of 
streptococci that are commonly found as intestinal parasites and are very often referred to as the 
sewage streptococci. To be an ideal index organism, certain criteria must be satisfied. The group 
must be present in any water supply that contains pathogenic organisms, it must be easy to test for, 
and it should not be commonly encountered in nature outside of the intestinal tract or sewage. While 
there may be some difference of opinion among hacteriologists as to which of the three groups men- 
tioned above would be best, American bactertologists appear to agree that the coli group is the one of 
choice. There are certain disadvantages associated with uny one of these three groups, but since an 
ideal index organism may not be available, it is neccssury to choose the one with the fewest disad- 
vantages. The sewage streptococci are rather difficult, to detect and the anaerobic organisms are 
hard to isolate, as well as being found rather widespread in nature outside of the intestinal tract, 
Even the coli group has its disadvantages in that there are some organisms growing in soil that are 
very similar to those found in the intestinal tract and, therefore, if this is to be nsed as the index group, 
it may be necessary to differentiate between soil forms and intestinal forms, 

Tn reference (1), the coli group is defined as follows: ‘The coliform group should be considered 
to include all aerobic and facultative anacrobiec Gram-nezative nonspore-forming bacteria which 
ferment lactose with gas formation.’ This definition will include not only what most bactcriologists 
consider to be the coli group but also the uerogenous group (the soil forms) which have many churac- 
teristics in common with the foriner. With the above information, we are now in # better position to 
appreciate the significance of the standards that lave been suggested by the Public Health Service, 
and which have been adopted by the American Water Works Association. These read in part as 
follows (1): 

“2,1 The water supply shall be: (@) Obtained from a source free from pollution; or () 
Obtained from a source adequately purified by natural agencies; or (c) Adequately protected by 
artificial treatment. 

“2.2 The water supply system in all its parts should be free from sanitary defects and health 
hazards, and all known sanitary defects and health hazards shall be systematically removed at a rate 
satisfactory to the reporting agency and to the certifying authority. Approval of public water sup- 
plies by the reporting agency und the certifying authority will be conditioned by the existence of: 
(a) Rules and regulations prohibiting connections or arrangements hy which liquids or chemicals of 
unsafe, unknown, or questionable quality may be discharged or drawn into the public water supply; 
(6) Provisions to enforce such rules and regulations clfcetively on all new installations; and (c) A 

_ continuing program to detect health hazards and sanitary defects within the water distribution 
system. 

"3. As to Bacteriological Quality: 

“3.1 Sampling. The bacteriological examination of water considered under this section shall 
be of samples collected at representative points throughout the distribution system,” 





Minimum nuinber of 
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The minimum number of samples to be collected from the distribution system and examined 
by the reporting agency or its designated representatives each month should be in accordance with 
the number ag indicated in the table. 

“3,25, The procedure given using a standard sample composed of five standard portions, pro- 
vides for an estimation of the most probable number of coliform bacteria present in the sample as set 
forth in the following tabulation: 





Most probable number of coliform 
. bacteria per 100 ml, 
Number of portions 











ae + When 5-10-ml, portions When 5--100-ml. portions 
Negative Positive are examined are examined 
5 0 Less than 2.2 Less than 0,22 
4 1 2.2 0,22 
3 2 5.1 0.5L 
2 3 9.2 0.92 
1 4 16.0 1.60 


0 5 More than 16.0 More than 1,60 








“4. As to the Physical and Chemical Characteristics: 

“4.1. Physical characteristics. (The requirements in section 4.1 relating to turbidity and 
color shall be met by all filtered water supplics. Turbidity und color limits for unfiltered waters and 
the requirements of freedom from taste or odor for either filtered or unfiltered waters should be based 
on reasonable judgment and discretion, giving due consideration to all the local factors involved.) 
The turbidity of the water shall not exceed 10 ppm (silica scale) nor shall the color exceed 20 (platinum- 
cobalt scale). The water shall have no objectionable taste or odor. 

“4.2. Chemical characteristics. The water shall not contain an excessive amount of soluble 
mineral substance, nor excessive amounts of any chemicals employed in treatment. Under ordinary 
circumstances, the analytical evidence that the water satisfies the physical and chemical standards 
given in sections 4.1 and 4.21 and simple evidence that ‘it is acceptable for taste and odor will be 
sufficient for certification with respect to physical and chemical characteristics. 

“4.21. The presence of lead (Pb) in excess of 0.1 ppm, or of fluoride in excess of 1.5 ppm, shall 
constitute grounds for rejection of the supply. 

“4,22, The following chemical substances which may be present in natural or treated waters 
should preferably not occur in excess of the following concentrations where other more suitable sup- 
plies are available in the judgment of the certifying authority. 

“Copper (Cu) should not excced 3.0 ppm. 

“Tron (Fe) and mangunese (Mn) together should not exceed 0.8 ppm. 

“Magnesium (Mg) should not exceed 125 ppm. 

“Zine (Zn) should not exceed 15 ppm. 

“Chloride (Cl) should not exceed 250 ppm. 

“Sulfate (SO,) should not exceed 250 ppm, 

“Phenolic compounds should not exceed 0,001 ppm in terms of phenol. 

“Total solids should not execed 500 ppm for a water of good chemical quality, However, if 
such water is not available, a total solids content of 1,000 ppm may be permitted. 

“For chemically treated waters, i-e., lime softened, zeolite or other ion exchange treated waters, 
or any other chemical treatments, the following three requirements should be met: 

“(1) The phenolphthalein alkalinity (calculated as CaCO,) should not be greater than 15 ppm 
plua 0.4 times the total alkalinity. This requirement limits the permissible pH to about 10.6 at 25° C. 

‘(2) The normal carbonate alkalinity should not exceed 120 ppm. Since the normal alkalinity 
is a function of the hydrogen ion concentration and the total alkalinity, this requirement may be met 
by keeping the total alkalinity within the limits suggested below when the pH of the water is within 
the range given. These values apply to water at 25°C. 

(3) If excess alkalinity is produced by cherhical treatment, the total alkalinity should not 
exceed the hardness by more than 35 ppm (calculated ag CaCOy),” 

Presumptive evidence of the presence of the coli group of organisms is obtained by inoculating 
graduated amounts of the water to be tested into tubes or bottles of lactose broth which contain 
inverted gas traps. The concentration and volume of the medium in these tubes or flasks must be 
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pH range (ppm as CaCQs) 
B.0to 9.6... ee eee 400 
9.7 340 
5S 300 
5S 260 
WO.0.. 0 ee eee 230) 
10.1.. 210 
10.2...... Coe ee eee eee 190 
Webi co eee eee) 180 
10.4.,...00.... ec eee eee eee ee 170 


LO.5 to LOG. eee 160 








adjusted to the size of the sample of water to be used as an inoculant. Tf a large volume of water, 
such as 10 or 100 ml., is to be used, then the volume in the tube or Hayk must be 10 or 50 ml, respec- 
tively, and the strength of the broth should be double or triple strength. If gas is produced in the 
tubes within 24 or 48 hours, one must presume the presence of the coli group. The evidence, how- 
ever, is not conclusive since there are a few other organisms such as some of the spore-lorming 
anacrobes that can also produce gas from lactose, 

To obtain more conclusive evidence it is, therefore, necessary to perform further tests on each. 
of the tubes or bottles in which gus is found. This is generally spoken of as the confirmed test and is 
usually performed by streaking one or more plates of cosine methylene blue lactose agar from cach of the 
tubes or flasks that show gas formation. The plates must be streaked in such a fashion as to produce 
distinct colonies that are separated at least 0.5 em. from each other. These plates are then incubated 
at 385-87°C. for 24 hours after which they are examined. If typical Hschertchia coli colonies are found 
on these plates, the confirmed test may be considered positive. Typical coli colonies are small, from 
a quarter to a half a centimeter in diameter, have smooth edges, a deep blue-black color, and show a 
characteristic metallic sheen. Before declaring the test positive, if typical colonies do appear, it is 
advisable to make Gram stains of some of these colonics to ascertain that the organism is Gram- 
negative. Some strains of J, cold may produce colonies that are not typical and, therefore, if such are 
found, it may be necessary to carry out further tests to ascertain whether or not the organisms are 
members of the genus Escherichia. 

In place of using the agar plates, the confirmed test may be performed by inoculating samples 
that show gas from the tubes of lactose broth into tubes of brilliant green lactose bile broth. The 
brilliant green and the bile in this medium are designed to prevent the growth of lactose-fermenting 
organisms which do not belong to the coli group. Jf gas in any amount is found in the inverted gas 
traps of the tubes of this medium after 48 hours of incubation, the confirmed test may be considered 
positive. The indicator in the brilliant green lactose bile broth may he decolorized before the end of 
the 48-hour incubation, In this case, a further test should be made to ascertain the nature of the 
organism that was responsible for the formation of the gas. 

Tf the evidence obtained from the confirmed test is not conclusive, the completed test should be 
earried out. If the confirmed test consisted in streaking the plates of eosine methylene blue agar, 
and atypical colonies are found, then one should get samples from some of the most typical colonies 
and inoculate these on ordinary agar slants and also into fresh tubes of lactoge broth. If the cou- 
firmed test was made on a liquid medium, that is the brilliant green lactose broth, then the completed 
test will consist in streaking eosine methylene blue plates, and, after 48 hours of incubation at 387°C., 
selecting typical coli colonies, or colonies that are the most similar to the coli colonies, and again 
inoculating these onto agar slants and into fresh tubes of lactose broth. After these have been 
incubated for 48 hours at 37°C., a Gram stain should be made from the agar slant growth and if this 
proves to be a Gram-negative organism with gas forming in the lactose broth, the completed test is 
considered positive. One can then conclude that the gas was produced from a member of the coli 
group. If, from the stain preparation, the organiam does not prove to be a Gram-negative uonspore- 
forming rod, and if no gas is produced tn the lactose broth, the test should be considered negative. 

At times it may be desirable to determine not only whether or not the coli group is present but 
also the relative number of these organisms present. This can be done by running a quantitative 
presumptive test, in which case a series of graduated amounts of water are inoculated into several 
tubes of lactose broth and a record kept of the number of tubes that produce gas. In each case, it will 
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be necessary to confirm all tubes where gas is produced and, by referring to suitable probability tables, 
one can calculate from the munber of tubes that show gas, the most probable number of lactose- 
fermenting organisms present in the sampled water. 

Tn addition to the above bactcriological analysis, it is also useful to determine total number of 
bacteria that are present in the water by making ordinary plate counts on nutrient agar which is 
incubated at 37°C. For this purpose, 1-ml. amounts of suitable dilutions are placed in each of 
several Petri plates. On this is poured melted nutrient agar cooled to 45°C.; before the agar is 
allowed to harden, the plates are rotated in a figure eight so as to mix the nutrient agar with the sam- 
ple. After the agar has hardened, the plates are incubated in an inverted pagition at 37°C. for 48 
hours, after which the number of colonies are counted. While the total count in itself may not have 
any sanitary significance, a high count indicates the presence of nutrient in the water upon which 
organisms can grow and this is an undesirable condition. The plate count may also be useful in 
testing treated water supplies where a high count would indicate faulty treatment. 

In addition to the bacteriological analysis, additional useful and necessary information regarding 
the suitability of the water is obtained from physical and chemical analysis. ‘Theye will be discussed 
briefly but for preeise details on methods and procedures, see reference (1). 

Turbidity. Turbidity is due to finely divided inorganic or organie matter guch as microorgan- 
isms, other insoluble organic material, silt, and similar substances. Suspended matter and turbidity 
are not synonymous. Suspended matter represents a residue on evaporation that is not in solution, 
while turbidity is an approximation of suspended matter obtained by optical measurement. This is 
determined by observing the interference to the passage of light through a sample of the water as 
compared to a standard. The turbidity is recorded in units obtained by comparison with standards 
made by suspending finely divided fuller’s earth in distilled water. To comply with the standards 
set up by the U.S. Public Health Service mentioned earlier, this turbidity should not exceed 10 p.p.m. 

Odor. Odor in water is usually ussociated with objectionable substances that result from 
pollution, decomposing organic matter, microorganisms, or industrial waste. The substances re- 
sponsille for these are volatile and are present in amounts too small to permit detection by ordinary 
chemical means. The amount and character must therefore be detected by the sense of smell, which 
is very sensitive but lacks precision and does not permit the establishment of absolute odor standards. 

The amount is determined by observing the maximum dilution that can be made into odor-tree 
water to perinit detection. A series of dilutions on a geometric scale are prepared with an odor-~free 
dilution water so as to give samples for testing of 200 ml. Each of these is tested for odor; at 24- 
25°C. for “cold odor” or at 50-60°C. for “hot odor.” <A record is kept of the maximum dilution at 
which an odor is perceptible and the ratio of total volume to the volume of sample is called the odor 
number. 

Color. The color of water should be determined only after the suspended matter has been 
removed; in other words, the true color is due to substances in solution. If the water contains sus- 
pended matter, if should first be removed by centrifuging. Removal of suspended matter by filtration 
is not permissible because the filters may adsorb some of the color. Sometimes it may be desirable to 
determine the color before suspended matter has been removed. This is generally referred to as the 
apparent color. The color is determined by a comparison with standards made up with salts of 
platinum and cobalt, a unit being considered that amount of color produced by one milligram of 
platinum per liter. The standard is made by dissolving 1.245 g. of potassium chloroplatinate, 
K,PtCh, containing 0.5 g. of platinum, and 1 g. of crystallized cobaltous chloride, CoCl:.6H,0, con- 
taining about 0.248 g. of cobalt, in water with 100 ml. of concentrated hydrochloric acid, and diluting 
to 1 liter with distilled water. This solution has a color of 500. The ratio of cobalt to platinum may 
be varied to match the hues found in water in certain special cases. To be satisfactory the color 
should not exceed 20. . 

Residue. The residue represents the material remaining after the water has been evaporated. 
If. the suspended matter is removed first, a determination gives the dissolved residue, while if deter- 
minations are made on the original water with suspended matter left in, it is called the total residue. 
In either case the water is cvaporated and the solids are dried to a constant weight at 103°C., prefer- 
ably in a platinum crucible. If the solids are ignited, the weight of the remaining materials is called 
the fixed solids, these being the total fixed solids or the dissolved fixed solids, as the case may be. 
To determine the suspended residue separately, 2 measured quantity is filtered through a previously 
prepared Gooch crucible that has s 2-mm. mat of ashestos fiber which hag been heated to a constant 
weight at 108°C. A sufficiently large sample of water should be filtered through this crucible to 
produce from 50 to 100 mg. of residue. This is then dried at 103°C. to constant weight. 
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Hardness. When calcium und magnesium and, to some extent, iron and aluminum are present 
in water it is difficult to obtain a lather with the use of ordinary soap. Enough must first be added to 
precipitate the ions which produce insoluble soaps. Waser that requires an excessive amount to form 
a lather is referred to as “hard water,’’ usually expressed in terms of calcium carbonate, or the calcium 
carbonate equivalent of the calcium and magnesium. In many waters such hardness is due to salts of 
calcium and magnesium carbonates or the corresponding bicarbonates, while in other cases the sulfates 
and chlorides of these metals may be the principal contributors. When the total hardness is greater 
than the carbonate and bicarbonate alkalinity the amount equivalent to the alkalinity is called the 
carbonate hardness. ‘The amount in excess of this is referred to us the noncarbonate hardness. 
When the total hardness is equal to or less than the sum of the carbonate and bicarbonate alkalinity, 
there is no noncarbonate hardness, Standard Methods for the Bxamination of Water and Sewage lists 
four general methods of determination: 

1, Total hardness by calculation. Hardness is calculated from an independent determination 
of the calcium, magnesium, iron, and other metals that produce insoluble soaps. 

2. The palmitate method. A standard solution of potassium palmitate is added to the water to 
precipitate the calechum snd magnesium from solution as the insoluble soaps. The addition of an 
excess of potassium pulnitute over that required for the complete precipitation of the caleium and 
magnesium will produce by hydrolysis a solution which reacts alkaline to phenolphthalein, [rom the 
amount of potassium palmitate solution which has been added when the solution becomes alkaline one 
can calculate the total hardness. In this way, the magnesium hardness can be determined separately 
by first precipitating the calctum with a solution of sodium oxalate. Magnesium is left in the solution 
and this can then be titrated with palmitate. The calcium hardness may then be calculated from the 
difference between the total hardness as obtained above and the magnesium hardness. 

3. The soap method. This actually measures the soup-consuming power of the water and is 
made by adding to the water » standard soap solution until just enough has been added to give a 
permanent lather. By noting the total amount of soap that must be added to reach this point, 
one can ¢alculate the total hardness. By using this method, one can also determine the calcium and 
magnesium hardness, because if the solution is adjusted to a pH of 11.7-12.0 with ammonium chloride 
the soap will react only with the calcium. In such a solution, one can determine the calcium hardness 
and, hence, by the difference between this and the total hardness, estimate the magnesium hardiess. 

4, Schwarzenbach Utration method. This method, also known aa the compleximetric or EDTA 
titration method and the Versenate method, is a rapid and precise method that hag been widely used 
and is now a standard method. It utilizes the color change of an indicator during the reaction of 
ethylenediaminetetraacetic acid with calcium and magnesium tons. See p. 931; Vol. 12, p. 177. 

Acidity. Some waters may present an acid reaction, usually due to the presence of uncombined 
earbon dioxide, mineral acids, or salts of strong acids and weak bases. It is determined by titration 
with a 0,02 NV carbonate-free sodium hydroxide solution using etther methyl orange or phenolphthalein 
as the indicator. With phenolphthalein, the result is recorded us the total acidity, with methyl 
orange as mineral acid acidity. 

Alkalinity. Many waters are alkaline, Alkalinity is determined volumetrically by titration 
with a 0.02 N sulfuric acid solution to a phenolphthalein or methyl orange end point. Such alkalinity 
is usually caused by the presence of carbonates, bicarbonates, hydroxides and, less frequently, by 
other alkalies such as borates, silicates, or phosphates. 

pH Values. In addition to the titrable acidity or alkalinity, it is also useful to know the pH of 
the water. This can be determined with any one of the standard pH meters, using glass electrodes. 
Tt may also be determined by suitable indicators. See Indicators; Hydrogen-ion concentration. 

Chloride. There are cases where a determination of chloride may be very important in munici- 
pal water, because a sudden increase in chloride will generally indicate pollution from industrial or 
domestic wastes. This will be particularly true if the water direct from the supply is low or free 
from chlorides. Furthermore, since chlorides are not affected by microbial activities, a change in the 
chloride content from the raw water to samples collected in the treatment works or distribution 
system will indicate the udmixture of other waters, Chloride may be determined (Volhard method) 
by adding an excess of a atandard silver nitrate solution (0.01711 N) to precipitate the chlorides and 
then titrating the excess nitrate present with thiocyanate using a nitrobenzene and ferric alum 
indicator. As an alternative the Mohr method may be used in which potassium chromate is added 
as an indicator. When the chlorides have been precipitated, the silver will combine with the 
chromate to produce a red precipitate. 

Chlorine. Chlorine is commonly used as a disinfectant in the treatment: of water supplies; it is 
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therefore important to determine residual chlorine, because this indicates how well the public is 
protected against possible contaminants. At present, there is no completely satisfactory direct 
method for this, but reasonably good results are obtained with a colorimetric method using o-toluidine, 
or with the iodometric method. In the presence of residual chlorine o-toluidine develops a character- 
istic color, the intensity of which is a function of the concentration of the halogen. This can be 
established by comparing the color in the unknown with previously calibrated standards. The 
iodometric method depends upon the liberation of iodine from potassium iodide by chlorine and the 
subsequent titration of the free iodine with standard thiosulfate, using the starch indicator for the end 
point. The iodometric method is more precise than the o-toluidine test, when the amount of residual 
ehlorine is in excess of 1 p.p.m. With either test there are a number of substances that can interfere 
and, for this reason, it is important that the method as described in reference (1) be followed precisely. 

There may be a number of substances in water that react with chlorine, hence, the residual will 
generally be considerably less than the amount added. That portion that disappears immediately 
does so because it serves as an oxidizing agent against reducing substances in the water. In general, 
this is referred to as the “immediate chlorine demand,” and must be known before one can judge the 
amount of chlorine that should be added to obtain the desived disinfection. This immediate demand 
varies with the kind of water, the amount of chlorine applied, the time of contact, and the tempera- 
ture. A consideration of the chlorine demand becomes particularly important in the ‘break point” 
method of chlorination (see p. 960). 

Numerous substances affect the odor and taste of water, following chlorination. These may 
represent phenols that are introduced from wastes or phenol-like substances produced by various 
microorganisms, such as algae and protozoa. There is no suitable method for the determination of 
such substances other than the development of undesirable flavors. If they are present, it may be 
necessary to inaugurate special methods of treatment: to counteract them. 

Fluoride. It ia now generally accepted that a small amount of fluoride in drinking water will 
increuse the resistance of the tooth enamel to decay or acid corrosion. Thus in areas where there is a 
high fluoride content in the drinking water there is a decreased incidence of dental caries. Many 
communities that have a low fluoride content in their raw water have now adapted fluoridation (the 
adding of fluoride to the water supply to reduce the incidence of dental caries). Excessive amounts of 
fluoride (above 1.5 p.p.m.) are undesirable because they may cause mottled teeth, a condition in 
which the tooth enamel will be marred by brown specks or spots that cannot be removed. In view 
of the importance of fluoride, it is desirable and often necessary to test for it. This can be done by « 
colorimetric method in which the fluoride in the water reacts with the zirconium in an acid zirconium 
alizarin reagent to form a nonionized zirconium fluoride salt. This dcereases the color of the reagent. 
The quantity of fluoride is determined by comparing the amount of color remaining in a measured 
amount of reagent added to the sample of water with that remaining in a like amount of reagent in 
standards made by adding known quantities of fluoride to distilled water. 

Miscellaneous Substances. In addition to the analyses mentioned above, it is well to determine 
the concentrations of a number of species of ions that are usually present in water, for example, carbo- 
nate, bicarbonate, iodide, sulfate, and the various types of phosphate ions, as well as the silica, 
arsenic, copper, iron, aluminum, lead, manganese, zinc, potassium, sodium, and nitrogen as ammonia, 
organic, and nitrate and nitrite. Information on methods for the determination of these various 
substances may be found in reference (1). 


Treatment of Water 


Most municipalities must, use a source of water in which the probability of pollution 
is rather high. Certainly, all our natural rivers and lakes and even the water stored 
in most reservoirs may be subjected to pollution, and generally cannot be considered 
safe for drinking purposes without some form of treatment. Water treatment, 
therefore, is a practical necessity in all municipalitics. The type and extent of treat- 
ment will vary from city to city, depending wpon the conditions of the raw water. 
Treatment may comprise various processes used separately or in combinations, such 
as storage, aeration, sedimentation, coagulation, rapid or slow sand filtration, and 
chlorination, or other accepted forms of disinfection, 

Sedimentation. When surface waters serve as a municipal water supply, it is 
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generally necessary to remove suspended solids, which can be accomplished either by 
plain sedimentation (g.v.) or sedimentation following the addition of coagulating chemi- 
cals. In the water from most streams that are suitable as a source of supply, the sedi- 
ment is principally inorganic, consisting of particles of sand and clay and small amounts 
of organic matter. In this water there will also be varying numbers of bacteria, de- 
pending upon the amount of bacterial nutrients present, coming from sewage or other 
sources of organic matter, and upon the prevailing temperature. Many of the bacteria 
may have come from the soil and, as a result, during a season of high turbidity when 
there is a large amount, of eroded soil in the water, the bacterial count from this source 
may be relatively high. If the organisms are derived from sewage pollution, the num- 
ber will be highest during periods of low flow when there is less dilution, and at this 
time the turbidity will, in general, be low. The amount of sediment may vary a great, 
deal from one river to another, depending upon the geological character of the various 
parts of the drainage system. Thus, the Missouri River carries much more suspended 
matter than does the water in the upper portions of the Mississippi River. The size 
of the suspended particles can also vary greatly. In some waters the clay particles 
may be extremely fine, in fact, they may be smaller than bacteria. 

Where plain sedimentation is to be resorted to, the longer the period of quiescence, 
the better will be the results. The ideal situation would be where a municipality can 
make use of either artificial or natural lakes into which the water can be pumped and 
where it can remain for several days or weeks before it is talcen into the plant for treat- 
ment. During this time most of the settable matter will be removed and, in addition, 
owing to the growth of various kinds of microorganisms, the character of the water 
ean be changed profoundly. In most cases these changes will ease the treatment prob- 
lem and, furthermore, large reservoirs will permit the shutting down of the pumps in 
periods of very high flow when the raw river water would be very turbid and high in 
suspended matter. Long storage periods, however, may have some accompanying 
disadvantages. During the storage of the water in large reservoirs, through the in- 
fluence of higher temperatures and light, many types of microorganisms may develop, 
in fact, in some cases the growth can be quite abundant. Accompanying the growth, 
particularly of the algae, some protozoa, bacteria, and species of streptomyces com- 
pounds may be liberated that are difficult to remove and that can react with chlorine 
to impart bad taste or odor. TExcessive growth of such organisms usually can be pre- 
vented by treating the water with suitable amounts of copper sulfate. 

The time required for satisfactory sedimentation differs for different waters, and 
generally must be established by actual experiments. Some waters ean he clarified 
satisfactorily in a few days, while others may require weeks and months. As far as 
total weight of sediment is concerned, the bulk of it is probably removed in a few days, 
but this may not bring about a corresponding change in the appearance of the water, 
since the smaller particles may have greater influence than the large ones upon the 
apparent color and turbidity. When plain sedimentation is used primarily as a pre- 
liminary treatment, a high degree of clarification is not needed and, as a result, shorter 
periods of settling are adequate. For sewage-polluted water, sedimentation alone is 
inadequate treatment, as the pathogenic organisms would not be eliminated by reason- 
able periods of settling. Under such conditions, when further treatment is necessary, 
a short period of 24 hours of sedimentation may he sufficient. Changes other than 
those brought about by the sedimentation alone generally go on within these reservoirs, 
particularly if stored for an extended period. Organisms that are present can con- 
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sume a preat deal of the organic matter; the exhaustion of the food supply can result, 
in a decrease in the number of organisms present; in open reservoirs the light may exert 
a disinfecting action; and the competition between various forms of microorganisms 
may eliminate some of the undesirable ones. These beneficial changes may be counter- 
acted to some extent by the growth of algae and some other organisms mentioned 
earlier. 

The sediment that forms at the bottom of the reservoirs or lakes will contain a 
fair amount of organic matter as well as the inorganic silt that settles to the bottom. 
In this sediment there will usually develop a charactcristic flora, largely anaerobic, 
that can digest the settled organic matter and bring some of it back into solution. 
While this may not be noticeable under ordinary circumstances, it can become an im- 
portant consideration during certain seasons of the year when temperature 
changes in the water can cause an overturning with a corresponding resuspension of 
much of the material that had settled out. 

Treatment with Coagulants. A number of chemicals will combine with water or 
the constituents present therein to produce a flocculent or gelatinous precipitate 
which aids considerably in the clarification during sedimentation. During the forma- 
tion and settling of the flock, many of the finely divided suspended particles, including 
microorganisms, are collected and some of the dissolved substances, particularly those 
that impart color, are absorbed. The use of coagulants was originally intended as pre- 
treatment hefore rapid sand filters, but the good results obtained have resulted in 
their use prior to sedimentations that are not connected with such filters. Of the vari- 
ous chemicals that can be used for this purpose, aluminum sulfate, commonly called 
“alum,’’ is employed most extensively, Ferric salts areacceptable substitutes, especially 
if the pH of the water is not suitable for alum coagulation. These trivalent. cations 
are very effective in precipitating negative colloids. Both aluminum and iron form 
gelatinous precipitates in slightly alkaline solutions, and the extent to which these 
added salts participate in the precipitation will depend to a large extent upon the pH 
of the water. Since the amount of precipitate and the efficiency of removal of sus- 
pended matter are dependent upon a favorable pH, it is often possible to improve the 
effectiveness of the alum treatment by a prior adjustment of pH. In most cases, such 
adjustments are necessary when there is insufficient alkalinity. 

The amount. of alum required for proper clarification and color removal is depend- 
ent upon the character of the water, the methods of handling, and length of sedi- 
mentation to be used. The amounts used in practice vary from less than one grain to 
approximately five grains per gatlon. (One grain = oq lb., one grain per gallon = 
17.2mg./l.) The amount needed in any one case has to be determined by experiment. 

The coagulating chemicals must be added to the water as it flows into the treat- 
ment plant, necessitating a continuous feed, proportioned to the flow of the water. 
In some cases, the coagulant is dissolved in a small amount of water to give a strong 
solution and then fed into the raw water. In other cases, the dry powders are mixed 
with the incoming waters by proportioning machines. Immediately after the coagu- 
lant has been added, the mixture enters a chamber where there is a rapid or violent 
stirring, so as to mix the chemicals uniformly with the water. After this, the water 
enters another chamber, where it remains for a period of from 15 to 20 minutes and 
where it is stirred slowly. During this slow agitation the precipitate forms and in- 
creases in size. The slow mixing also permits the precipitate to sweep through the 
water and thus enables it to ocelude more of the suspended matter and also adsorb 
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more of the dissolved substances. This agitation can be accomplished either by having 
the liquid flow through a narrow channel, over and under a series of baffles, or having 
it mixed in a rectangular tank by mechanical devices. If this period of mixing is not 
employed, a larger quantity of chemical has to be added to accomplish the desired 
results, In some localities it has been found desirable to chlorinate the water before 
it is treated with the coagulating chemicals (sce p. 958). 

After the floc has formed and after the period of slow mixing, the water is run into 
settling basins where the precipitate can be allowed to settle. One of several types 
may be employed. One is an intermittent type which operates on a fill-and-draw 
basis, and the other is a continuous type in which the water flows through at a slow 
rate. In the former, the water after filling remains quiescent for a period of from 4 to 
6 hours, During this time another basin is being filled, so where the fill-and-draw 
method is used several basins are needed. When the floc has settled, the clear water 
is drained from the surface until the level of the floc is reached. The basin is then 
either emptied into the waste line or it is immediately refilled for another cycle. This 
method gives somewhat better results in the removal of precipitate but, suffers from the 
disadvantage of requiring more settling basins and more loss of head, because if the 
water is delivered to filters from the settling basins, the level in the filters must be 
below the lowest point from which it is drained from the setitling basin. 

In the continuously operating basins, the water is run in at one end and allowed 
to pass slowly through the chamber and emerge from the other end as clarified water. 
These basins are large enough so that the theoretical detention period is from 2 to 8 
hours, that is, large enough so that it would take from 2 to 8 hours to fill the empty 
tank at the normal rate of flow. The actual detention is usually less than the theoreti- 
cal figure because the water does not generally pass uniformly through all cross sections 
of the tank. In many installations these tanks are constructed so as to depend upon 
manual operation for the removal of the solids, which is done from time to time by 
taking the unit out of service, draining the water, draining and hosing the bottom, and 
cleaning the tank before putting it back into service. To facilitate such cleaning, 
the bottoms of the tanks are generally constructed so that they slope toward the point 
where there are openings into the waste line, In modern practice settling basins are 
provided with mechanical scrapers that continually push the solids into sludge pits 
where they can be removed with pumps. Many of these are built circular rather than 
rectangular, with provisions for the water to enter through a center well and the re- 
moval of the effluent over a circular weir which is extended around the outer circum- 
ference. The mechanized tanks have the advantage that they can be kept in continu- 
ous service, and are particularly desirable in installations where 4 large amount of 
sediment must be removed. They are less efficient than the fill-and-draw type in the 
removal of the floc, but this may be an advantage in that the floc that remains may 
aid in the clarification of the water on the rapid sand filter. If slow sand filters are 
used, the fill-and-draw types are more preferable. See also Vol. 12, p. 129. 

Sand Filters. From the settling basins, the water is delivered to the sand filters 
by gravity or by pumps. One of two types are commonly in use—the slow sand filter 
or Furopean type, and the rapid sand filter or the American type. The slow sand filler 
is made in a watertight reservoir usually covering an area of 44 to 114 acres; in the 
bottom of this is provided a system of drains which are covered first with broken stone 
and then with a series of layers of gravel of decreasing size, each layer from 2 to 3 in. 
thick, with a final size small enough to be able to retain sand. On top of this gravel 
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is then placed from 4 to 5 ft. of relatively fine sand. See Vol. 6, p. 517. When the 
filter is first put into operation the water is generally sent in through the underdrains 
until the bed fills and there is from 3 to 4 in. of water on top of the sand. The bal- 
ance of the water can then be delivered from the top, until there is a depth of 4-5 ft. 
of water, giving sufficient pressure to allow the proper rate of flow through the sand, 
This should be from 2 to 6 million gallons per acre of surface per day. As the filter 
continues in operation, a fine sediment accumulates at the surface and this increases 
the resistance to the flow of water that must be compensated for by a greater depth 
of water above the sand. After some weeks or months of operation, the accumulation 
of this deposit may become so great that an excessive head is required. At this time 
the bed has to be taken out of operation. The water must be permitted to drain away 
and from 2 to 3 in. of the sand is removed from the surface. This sand is generally 
taken to the scrubbers where it is cleaned and either placed into another bed or is stored 
for future use, After this cleaning, the bed is put back into operation again by first 
feeding filtered water through the underdrain until 2-3 in, of water stands above the 
sand, and then other water to be filtered is run in from the top, and thus the cyele is 
repeated, 

As the sand filters continue to operate, their efficiency in general increases, and 
it has been shown that the removal of suspended matter and bacteria is brought 
about not by a mechanical removal but rather by a process of adsorption; this is facili- 
tated by a growth of microorganisms on the surface of the sand particles. This 
growth consists largely of bacteria belonging to the group Caulobacteriales, These 
organisms attach themselves to solid surfaces by means of short stocks, at the end of 
which the organisms grow, These stock bacteria form virtually a microscopic forest on 
the surface of the sand particles, and as the water percolates through this microscopic 
forest, many of the bacteria and other suspended materials are removed. It is be- 
cause of development of this flora on the sand particles that the filters improve with 
age. After one of these slow sand filters has been in use for some time, it becomes very 
efficient in the removal of microorganisms, finely divided suspended matter, and dis- 
solved compounds that impart color to the water. The number of microorganisms 
found in the effluent will generally be less than 2% of the number in the influent. 
From 10 to 20% of the color may be removed and organic matter to the extent of about, 
50%. In all probability, most of the organisms that are found in the effluent of the 
slow sand filters come from the growing flora rather than from those brought in with 
the raw water, the actual removal of entering organisms is, therefore, close to 100%. 
However, one cannot depend upon the units for complete removal of undesirable bac- 
teria because it has been shown that epidemics of typhoid fever have occurred in com- 
munities where the water is so filtered. 

After the filters have been cleaned a number of times, the thickness of the sand 
is cut down so much that new or clean sand needs to be put back. At the last cleaning 
before this is done, it is best to remove more than 2 in. of the oldsand. It is also good 
practice to rake the remaining sand so as to break up any irregularities that might per- 
mit channeling of water. Also, this raking will provide aeration and aid in the re- 
moval of organic matter that has accumulated. 

In some places the slow sand filters have been constructed without covers, but 
where this is done in areas having severe winters, the formation of ice interferes con- 
siderably with the cleaning of the beds. It has, therefore, been found desirable, in 
spibe of higher costs of construction, to provide covers for these beds, 
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The construction of the rapid sand filter is about the same ag the slow. However, 
the method of operation is quite different. They are constructed in small sections 
because of the need for backwashing, thus reducing the size of the pumps needed for 
this cleaning operation. ‘The depth of sand in these filters is somewhat less than in the 
slow filters and the operating head is much higher, the water depth being from 10 to 
12 ft. The rate of filtration is from 100 to 125 million gallons of water per acre per 
day, and because of this high rate the arca required is relatively small. With slow 
sand filters it is sometimes possible to obtam adequate clarification by filtration alone. 
This is not possible with rapid sand filters, treatment with coagulants being an ab- 
solute necessity. Tere, also, it is desirable to leave some of the precipitate in the water 
as it enters the sand filters in order to build up a film on the surface of the sand to aid 
in the removal of suspended matter and bacteria, This means that the sludge ac- 
cumulates rather rapidly and that the sand has +o be cleaned often, in fact: backwashing 
may be necessary every 10-24 hours. During backwashing filtered water is pumped 
back through the sand from the underdrains under sufficient pressure to bring about a 
slight separation of the sand grains, causing the sand to rise in the bed, become agitated, 
and to separate the entrapped turbidity from the sand. The cleaning is sometimes 
facilitated by a mechanical mixing of the sand while it is being hackwashed or by blow- 
ing air into the sand bed at this time. The backwash water with the sludge it removes 
is run into gutters placed at a proper level above the sand and from there is drained 
into the waste line. After a few minutes of backwash the water will come through 
clean aud the bed is then put back into service. See Vol. 12, p. 140, 

In a single plant there will be many of these individual units so constructed and 
arranged that aty one unit can be taken out of service without interfering with the 
operation of the others. In such plants, it is necessary to have continuous expert 
supervision so the sand beds can be kept in good operating condition at all times. 
The removal of bacteria by the rapid sand filter may not be quite as high as that of the 
slow filter but with proper coagulation preceding the filtration, an adequate overall 
efficiency can be maintained. 

Disinfection. Since sand filters cannot be depended upon to remove all the 
pathogenic organisms that might be present, it is necessary as an extra safeguard to 
introduce some disinfectant into the water after it emerges from the sand bed and be- 
fore it is put into the distribution system, The available and permissible disinfectants 
are chlorine, hypochlorite, ozone, and ultraviolet light. Chlorine is the agent used, 
in most plants in the form of « strong solution of chlorine in water, which has been 
produced in chlorimators that dissolve gaseous chlorine in the proper proportions. 
This solution is added as the water emerges from the sand filter. The gaseous chlorine 
in turn is obtained from Hquid chlorine in cylinders or tank cars. Time is required 
for the chlorine to kill the pathogenic bacteria, and, therefore, it is desirable to retain 
the water in reservoirs for a period of time before it is pumped into the distribution 
system. The quantity of chlorine required will vary from time to time, depending 
upon the nature of the water, the amount of organic matter present, and the residual 
that needs to be maintained. Most of the pathogenic microorganisms will be killed 
with a content of chlorine varying from 0.3 to 0.4 p.p.m., but in order to have this 
amount of chlorine available, it is necessary to add more because some of it will be 
used for the oxidation of organic matter. The amount that needs to be added, there- 
fore, will vary from 0.7 to 1.5 p.p.m. Further, it is also desirable to maintain a residual 
of chlorine in the water throughout the distribution system to take care of pathogenic 


WATER (MUNICIPAL) 959 


organisms that might get into the water by accident after it leaves the treatment plant. 
When chlorine is used alone as a disinfectant, it is sometimes difficult to maintain the 
desired residual because it reacts so readily with organic matter, particularly growths 
that can occur in pipelines, and thus, in order to have a residual in the most distant 
parts of the distribution system, excessive quantities of chlorine will have to be added 
from the beginning. It has been found that by using a mixture of chlorine and am- 
monia this objection can be overcome to some extent, since with this mixture chlor- 
amines (q.v.) are produced which are more stable than free chlorine. 

In most waters a relatively high concentration of chlorine will impart an unde- 
sirable taste and odor. In pure distilied water this will not happen until a level of 
about 3 p.p.m. is reached, which is considerably more than is needed for proper dis- 
infection, However, in many surface water supplies these tastes and odors can de- 
velop at much lower concentrations, so that consumers may object to the “chlorine 
taste” even when inadequate amounts for proper disinfection have been added. It is 
known that some organic compounds can react with chlorine at rather low concen- 
trations to produce substances that can be detected by their odor, and it is very likely 
that the undesirable tastes and odors encountered in chlorinated surface waters owe 
their characteristics to such phenomena. It is definitely known that some organic 
materials, such as phenol, react with chlorine to create undesirable tastes and odors in 
extremely small concentrations. : 

Ozone and ultraviolet light are both effective agents for the killing of pathogenic 
bacteria that may be present in water; however, neither one has been seriously con- 
sidered in the U.S. because of high cost and the unavailability of well-designed equip- 
ment to apply these agents. These agents have becn usedin Europe. If ozone could 
be used, it would have some practical advantage over chlorine in that it would oxidize 
many of the compounds that havea disagreeable taste and odor. There are many who 
believe that ultraviolet light is effectivebecause it produces ozone or hydrogen peroxide. 
Tf this is the case, it may be practical at some future date to sterilize water with ozone 
or hydrogen peroxide when they become available at a relatively low cost. 

Removal of Taste and Odor, Disagreeable odors and tastes may be introcluced 
into the water supply from a number of sources. Industrial waste and sewage may 
oceasionally contain phenols and oils that can impart objectionable taste, particularly 
after chlorination. Some organisms, such as algae, streptomyces, and some protozoa, 
can produce oils and cyclic organic compounds that may have a taste and odor in 
themselves which hecome more intense after chlorination, Decaying organic matter, 
elther from sewage or vegetation, can leave end products that impart a bad taste 
and odor, and these also can be amplified by chlorine. The production of potable 
drinking water may, therefore, require special care of the supply and modified treat- 
racnt in the purification plant. . 

Excessive growth of algae in reservoirs can be controlled by treatment of the water 
with copper sulfate. If this is not used in excessive amounts, it will not injure the 
water because the amount of copper required for the destruction of most algae is con- 
siderably below the amount that is toxic to animal life. In some places it has been 
found desirable to prechlorinate the water before adding the coagulating chemicals so 
as to kill some of the organisms that may be responsible for taste and odors. The 
killed organisms are more easily removed by the coagulating chemicals than the live 
ones, and if they are not removed in the settling tanks with the floc, they will be 
carried on to the sand [filters where they get caught by the sand and eventually die 
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and disintegrate, and liberate the compounds responsible for the taste and odors. 
The raw or untreated water will contain more organic matter than the finished water 
and, therefore, more chlorine will be needed in this prechlorination than in the post 
chlorination. 

It has been found that ordinary water softening will often remove many of the 
compounds that are responsible for taste and odor. While it may not be possible to 
justify this added treatment as a means of controlling taste and odors, it certainly is 
an argument in favor of softening when contemplated for other purposes. See p. 931. 

Activated carbon has been found to be a rather effective agent for removal of 
taste and odors as well as color, and in some communities it has been found desirable 
to add activated carbon to the settled water just before it reaches the sand beds, or to 
filter the water through beds containing activated carbon before it is put on the sand 
beds. ‘The high cost of such treatment is a deterrent for more intensive application. 

A method of applying chlorine developed about 1989 (5,7), called the “dreak 
point” method, appears to overcome some of these tastes and odors developed by 
chlorine. To explain the principles that are involved it is necessary to discuss briefly 
some of the chemistry concerned. If one adds a given amount of chlorine 10 a sample 
of water and then waits a few minutes and determines the amount of available chlo- 
rine that is left, it is generally found that the available chlorine will be less than the 
amount added. The difference is due to the chlorine that has been used in oxidizing 
some compounds present. On adding varying amounts of chlorine to a series of sam- 
ples of water and determining the amount of available chlorine left in each sample 
after a few minutes, it is possible to plot a curve, showing how the available chlorine 
increases with the increments of chlorine added. Such a curve will generally continue 
in a straight line until a certain point is reached, referred to as the break point, after 
which, with an additional increment of added chlorine, it is found that there is a de- 
crease in the available chlorine. After this has occurred, an additional increment of 
chlorine will again bring about an increase in the available chlorine. After the break 
point, however, the increase in available chlorine after each increment, will apree fairly 
well with the amount of the added chlorine. The reason for this peculiar behavior is 
that when the chlorine reaches a high enough concentration, it can oxidize compounds 
that hitherto resisted oxidation. Many of these are the ones that cause tastes and 
odors. It has been found that, in water that has been chlorinated beyond the break 
point, undesirable tastes and odors are, +o a large extent, eliminated. The amount 
of chlorine required to reach a break point may, in many instances, be greater than that 
uecessary for disinfection and, in fact, may be too much chlorine to carry in the dis- 
tribution system. When excessive amounts have to be added to reach the break point 
it is then necessary to remove the excess by dechlorination. Appropriate dechlorinat- 
ing agents are such chemicals as thiosulfate, sulfite, or other sulfr compounds that 
react quickly with available chlorine. 

Care of Distribution System. Jn order to be certain of delivery of healthful and 
potable water to all consumers on a distribution system, it is necessary for the indi- 
viduals who operate the water treatment works to maintain diligence and make 
frequent inspections of the distribution system, Samples of the water should be taken 
at different points in the system at frequent intervals to make certain that the water 
meets the standards of purity when it reaches the consumer and that the residual 
chlorine is high enough to serve as a protection in case of accidental contamination. 
Such care is necessary because it is possible for recontamination of the water supply 
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to take place after it leaves the treatment works. Some industries may have water 
supplies of their own, usually from wells, and if the piping from this is interconnected 
with the city supply, the local supply can become contaminated from a contaminated 
well. There have been many cases where cross connections have been found in cer- 
tain buildings between the waste system and the water supply system, so that under 
conditions of low pressure it was possible to get a flow from the sewage system into 
the water system. In other cases where there may be breaks in the piping of the dis- 
tribution system, it is possible to get contamination from contaminated soil through 
which the pipes pass, when there is a lowering of pressure within the distribution 
system because of emergency use of water. Because of the possibility of this type of 
contamination, it is necessary to maintain a residual of chlorine throughout the entire 
distribution system, and have frequent inspections in order to try to find cross con- 
nections wherever they may occur. Muncipalities should also protect thomselves by 
local laws and ordinances prohibiting interconnection of local water supplies with 
muncipal water supplies. There should also be ordinances governing plumbing in- 
statlation so as to avoid possible cross connections between sewage systems and water 
supply systems. 

There are a number of different kinds of nonpathogenic organisms that can grow 
in the pipe lines of the water distribution system, particularly some of the Chilamnydo- 
bacteriales. It the growth of these becomes excessive, they may also impart tastes 
and odors to the water. Growth of such organisms may also be facilitated if the 
water supply contains an excessive amount of iron or manganese, If the growth of 
such organisms is extensive, they may form a heavy slime coating in the pipes, and at 
the base of this slime, conditions become anaerobic, so that anaerobic bacteria may 
flourish. This not only is undesirable in itself, but, to make water matters worse, 
some of these organisms can reduce sulfate to produce sulfide and thus impart a hydvro- 
gen sulfide odor to the water. Eliminating this type of difficulty may involve a more 
careful control of the chemical characteristics of the water and may necessitate fre- 
quent flushing of the pipe line, especially in dead end areas where the water is likely 
to stand for some time and become stagnant. 
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Il. O. Hanvorson 


WATER ANALYSIS. See Water (municipal). 
WATER GAS. See Manufactured gas, Vol. 8, p. 783. 
WATER GLASS. See Silica and silicates (soluble), Vol. 12, p. 308. 
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Waterproofing treatments are applicd to a great diversity of products ranging 
from clothing to building structures, including such varied materials as textiles, paper, 
leather, cement, and masonry. Strictly speaking, the term “waterproofing” denotes 
a, process that confers complete impermeability to the passage of water, but it is also 
used in a general sense to include water-repellency (nonwetting) treatments which 
produce porous hydrophobic surfaces without appreciably changing the original 
texture and pore structtre. 


Textiles 


The literature of water-resistant treatments of textiles is probably as extensive as 
that of any other finishing process. Early patent literature is cited in the books of 
Mierzinski (35) and Pearson (48). A review of “chemical methods” only for imparting 
water repellency contains 332 references (47), while a bibliographical survey of the 
field from 1987 to 1947 (22) contains 250 references, Sixty-four PB (Publication 
Board) reports, reecived from both domestic and foreign, civil aud military agencies, 
are cited in the suggested list of references on water repellency and waterproofing of 
textiles issued in 1950 by the Office of Technical Services, U.S. Department of Com- 
merce (58). The number of products offered on the market for application to cloth 
probably exceeds a hundred. See also Coated fabrics; T'eatile technology. 

Terminology. Much confnsion prevails in the use of terms pertaining Lo water- 
proofing processes ancl resulting products. The need for clarification has been ex- 
pressed by most writers on the subject (26,31,35,48,46), and several technical and gov- 
ernment agencies have proposed definitions in an effort to aceomplish this purpose. 

In the Technical Manual and Yearbook of the American Association of Textile 
Chemists and Colorists (1) are the definitions: water resistance (fabric)—a general term 
denoting the ability of a fabric to resist wetting and penetration of water; water re- 
pellency (texizle)—the ability of a textile fiber, yarn, or fabric to resist wetting, In 
A.S.T.M, standard D583-54 (2) are essentially the same definitions except that the 
‘term water resistance is used in a less restricted sense to denote the “ability of a fabric 
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to resist wetting or penetration or both.” The Commodity Standards Division, U.S. 
Department of Commerce, has been working for several years to establish a commer- 
cial standard with test methods and ratings for “Water Repellent Textile Fabrics for 
Outerwear,” (57) as a basis for better understanding between buyer and seller. The 
Federal Trade Commission has been working along similar lines on “Proposed Trade 
Practice Rules Respecting Use of ‘Waterproof,’ ‘Rainproof,’ ‘Water Resistant,’ 
and Similar Designations as Descriptive of Outerwear, Fabrics for Outerwear, and 
Compounds or Treatments Therefor” (61). 

Although the term waterproofing, as used here, is commonly applied in a broad 
sense to all types of treatmentts for rendering textiles resistant either to the passage of 
water through them or to wetting by contact, the present tendency is to limit its 
application to the production of coated and impregnated fabrics that are highly 
impervious to water in both the liquid and vapor states. The term water-repellent 
ireatment is then applied to those processes that produce a hydrophobic surface, 
characterized by high resistance to wetting. Such surfaces are usually highly perme- 
able to water vapor and air, and they may or may not be highly resislant to the 
passage of liquid water under pressure. 

Use of the term waterproof is generally discouraged because nothing is really 
waterproof in the truest sense of the word. However, for want of a better descriptive 
term to connote high resistance to penetration, and to distinguish between porous 
and nonporous surfaces, it is often applied in a purely relative sense to highly imper- 
vious fabrics produced by any means whatsoever. In this sense, itis applicable also to 
untreated fabrics such as heavy ducks, Ventile, and other swellable or dense fabrics 
which owe their resistance to tightness of the weave and swelling ability. Such fabrics 
possess little resistance to surface wetting unless they have heen given a water- 
repellency treatment. 

In contrast. to the ‘waterproof’ impervious wall-like structure is the water- 
repellent surface which is resistant to the spreading of water on its surface and to wetting 
by raindrops. Spot-resistant and siain-resistant surfaces are similar but resistant to a 
lesser degree, for they are primarily intended to prevent deposition of water-borne 
soiling agents. Their protective action does not apply, however, for grease, organic 
solvents, or water to which surface-active agents have been added. 

The term walter resistance is a convenient general term for covering all aspects of 
resistance to water, individually or collectively, and including resistance to penetration 
of water, wetting of the surface, and absorption. Under other conditions than those 
diseussed here, it even covers resistance to damaging effects caused by water. 

Other terms often encountered are permeable or pervtous-io-air and waler-vapor, 
and porous, to distinguish fabrics said to “breathe” from their relatively impenetrable 
counterparts described in opposite terms 

The terms “durable” and “nendurable’ (also called renewable or retreatuble) are 
applied to repellents and finishes to differentiate between those that are designed to 
withstand cleaning processes (durable) and those that must be re-applied (nondurable) 
after dry cleaning or laundering. 

From, this discussion, it obviously follows that there is real need for setting up a 
definite terminology in the waterproofing industry but that, for the present, the mean- 
ing of terms must be explained by those who use them. 


IMPERMEABLE FABRICS 


The majority of the textiles made resistant to the passage of water by man are 
used to keep him or his property dry. When the textile is not to be worn—as a tent 
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or a tarpaulin—-coated impermeable fabrics are often satisfactory and generally more 
economical. In these cases, waterproo. 1g is accomplished by filling the pores of the 
fabric with materials such as oils, varnishes, pigments, rubber, plastics, tar, and 
many other materials that interpose a physical barricr to prevent water from passing 
through. 

The impregnating material is sometimes modified so that several benefits may be 
derived from one application. For example, chlorinated paraffin may he substituted 
for paraffin to contribute toward flame resistance as well as water resistance of a fabric, 
An example of such multipurpose treatment is used in the Army’s “fire, water, weather 
and mildew resistant duck” (56). 

Dean (18) has described a simple waterproofing treatment for canvas, suitable for home applica- 
tion, which also gives some measure of protection against mildew and sunlight by incorporation of 
copper naphthenaie and pigments with the waterproofing material. A typical formulation specifies 
8.5 Ib. petroleum jelly, 1.5 lb. beeswax, 5 lb. dry earth pigments (such as ocher, sienna, or umber) 
1.5 Ib. copper naphthenate (10% Cu), and 5 gal. of mineral spirits. A pound of lampblack may he 
substituted for the earth pigments and 7.5 Ib, medium hard asphalt together with 2.5 lb. of petroleum 
jelly may be substituted for the petroleum jelly—beeswax mixture. The materials are dissolved or 
mixed in the open with great care to he sure no flame or sparks are near. The solvents may he 
warmed by placing the containers in a tub of hot water. The mixture is somewhat poisonous, and 
due precautions should he observed. The well-stirred mixture can he applied to canvas with a paint 
brush. Lighter fabrics may be soaked in the solution, diluted with mineral spirits, and then the 
eloths can be wrung out and dricd. The hands should be protected from eontact with the liquid us 
far as possible. 


The early “oilskin sliekers” lost popularity because of their weight, stiffness, and 
general lack of comfort. Some of the newer coated fabrics used in the manufacture 
of rainwear have the advantage of extreme lightness and flexibility, but are almost as 
impermeable to air as they are to water. Thus, because of inadequate ventilation, the 
wearer may become almost as wet from perspiration as he would be from rain without 
the coat. 

Another type of impermeable cloth, called ‘self-sealing” fabric, is exemplified in 
tightly woven tentage, water bags, and linen fire hose. Tor example, fire hose is 
woven from low-twist linen yarn which has low elongation. The fibers wet readily and 
then expand with the absorbed moisture to give a tightly packed structure with little 
stretchability which resists leakage under water pressure. Untreated cotton fibers 
tend to make a less favorable type of yarn structure for sclf-sealing. However, in 
England, Peirce et al. (68) produced a cotton fire hose, and further development gave a 
fine light-weight fabrie of Oxford weave which was produced under the name of “ Ven- 
tile” cloth. Some work on self-sealing fabrics at the Southern Regional Laboratory in 
the U.S. has been reviewed by Reid and Goldthwait (44) and includes; (7) the ad- 
dition of hydroxyethylcellulose to the fibers as a permanent finish which swells when 
wet, thus preventing passage of water (19), (@) the use of fine, immature cottons to 
obtain better closing, and (3) the use of a special loom attachment to preatly increase 
the number of picks per inch (34). Although the self-sealing fabrics ordinarily require 
wetting to resist further passage of water, they are essentially impermeable to air or to 
large amounts of water after wetting. A certain amount of seepage occurs, of course, 
but this is often beneficial. In the case of fire hose, it protects the fabric from burning, 
and with water bags, evaporation keeps the contents comfortably cool. In modern 
practice some self-sealing fabrics are given an additional chemical treatment to make 
the fibers water-repellent. 
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WATER-IMPERMEABLE-WATER-VAPOR-PERMEABLE COATED FABRICS 


An entirely new type of water-resistant fabric has been developed in work done 
for the U.S. Department of the Army (83) in that: a coated fabric that is both perme-~ 
able to water vapor and impermeable to water has been originated. ‘This fabric is 
produced by incorporating a solid pigment into a synthetic rubber binder in such 
manner that a network of three-dimensional microscopic pores is produced. This ma- 
terial may be coated on one or both sides of a water-repellent cloth to give a coated 
fabric that has been found to withstand more than 277 cm. of water pressure by a 
modified Suter test but that will also transmit at least. 75% as much moisture vapor as 
the original fabric. 

In explanation of the theory of this new fabric, an illustrative example is given: 
100 g. of a pigment, of specific gravity of 2.70 was found to occupy 127 cu.cm. as com- 
pared to a theoretical volume of only 87 cu.em. This meant that 90 cu.cm. of void 
space was available. If 50 cu.cm. of binder were used to hold these particles together, 
40 cu.em. or about 31.5% of the coating, would cousist of voids available for transfer 
of moisture vapor. It was found that for the same pore area, moisture vapor transfer 
was not greatly affected by the size of the pores but hydrostatic head was greatly in- 
fluenced at sizes smaller than 30 microns. 

Although coatings contaming porous pigments were satisfactory with regard to 
water-vapor permeability and resistance to hydrostatic pressure, they were not so 
satisfactory with respect to Aexibility, flex resistance, aging resistance, and washing 
and/or dry cleaning. However, by using a solid pigment bound with an oil-resistant 
synthetic rubber, a product was obtained that was satisfactory in all respects except 
that it resisted a hydrostatic head of only about 100 cm. This was improved by in- 
corporation of a wax into the rubber to increase its contact angle. By bleeding into 
the surface, the wax increased the contact angle, decreased pore diameters, and im- 
proved resistance to aging. When a 4-5 oz. fabric, coated with from 4 to 5 oz. per 
square yard of solid pigment~solvent cement binder, was made into suits, and tested 
for comfort on Army personnel, the material was considered highly satisfactory. 


WATER-REPELLENT FABRICS 


Theory. The discomfort entailed by the wearing of impermeable fabrics has 
led to the development of fabrics that repel water but are permeable to both air and 
water vapor. These fabrics have been treated with a chemical so that the individual 
fibers repel the water and cause it to collect in drops on the surface and to run off in- 
stead of penetrating the yarns. The interstices between the fibers and yarns remain 
essentially unchanged, thus allowing the ventilation necessary for body comfort, but 
the surface tension of the water droplet prevents it from breaking up and going through 
the holes. 

The theory of water repellency has been reviewed in considerable detail by Baxter 
aud Cagsie (6) and also by Rowen and Gagliardi (46). It was pointed out that when a 
drop of water touches a solid it may form an almost perfect: sphere in the case where it 
does not wet the surface, or it may flatten and completely cover the surface if it wets 
it, The tendency of a solid to resist wetting is a function of the chemical nature of the 
solid surface, the presence of other molecules adsorbed on this surface, the roughness 
of the surface, and the porosity of the surface. When these factors are applied to a 
consideration of textiles, it is apparent that the hydrophilic surface characteristic of 
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most textile fibers must be eliminated and also that fabric and garment structure are 
very important. 

The presence of other molecules on the surface of the solid is important in prac- 
tical considerations of the water-repellency of fabrics. Dirt, dust particles, greasy 
soil, residual soap after cleaning, and the like all affect the shape of the water drop. 
Also, impurities in the water itself which lower the surface tension enable the water to 
wet the fabric. ‘The addition of wetting agents to water enables it to penctrate and 
wet almost any commercially treated water-repellent fabric (49). Both roughness 
and porosity of the surface affect wettability of the fibers. The principles involved 
have been applied to the postulation of an ideal fabric (6), and it is shown that a duck’s 
feathers admirably satisty the theoretical requirements. 

Garment design as well as cloth design is important. The cffective resistance 
of two adjacent layers of water-repellent: fabrics is many times that of either layer 
by itself. This is illustrated in Table I by Sookne (52) which shows time of water 
penetration under various conditions. 


TABLE LE. Comparison of Rainfall Resistance of a Single and Double Layer of Cotton Poplin } Fabric. 








Res sistance of cotton ‘poplin to rainfall, ae 











Condition Single layer Double layer 
No water-repellent treatment 6 8 
Slight water-repellent treatment 15 44 
More water-repellent treatment 40 700 
Better water-repellont treatment 51 8,500 
Best water-repellent treatment 65 10,000 





The greatly increased efficiency of two layers is attributed to the fact that. a double 
layer affords greater energy absorption under impact; furthermore, a very low order 
of probability exists that two holes in the fabrics will coincide so as to form a coutinious 
path for the raindrop. 

Tt has also been reported (51) that the supporting surface markedly affects the 
water resistance of water-repellent cloth. Thus, it may be necessary for coat linings to 
be made water repellent. Finally, the sewing thread used in raincoats must also be 
made water repellent to prevent the garment from leaking at the seams in heavy rain. 

General. The principal commercial processes are discussed under the following 
headings: metal salts and oxides; proteins and other nitrogenous compounds; 
esterification and etherification reactions of cellulose; silicones. 

Details of application are easily obtained from manufacturers’ bulletins, but the 
exact composition of the various formulations offered is often a trade secret, Tlowever, 
after World War IT, an extensive survey was made of the German chemical develop- 
ments in improving the water resistance of textiles (11) and detailed formulas have 
been published on many of the German processes, German effort was aimed mainly 
at rayon treatment, and it is stated that the wax-aluminum salt uondurable treat- 
ments are conventional except for the substitution of zirconium oxychloride for alu- 
minum salts. In the durable repellent field, treatments were developed (Persistol 
VS and Persistol KF) which, although quite different from the long-chain pyridinium 
complexes commonly used in the United Kingdom and in the U.S., were claimed to be 

‘even more resistant to laundering. These are described on pp. 970-71. 
A number of general precautions are necessary in the application of water-re- 
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pellent agents to cloth (21,51). First, the cloth must be selected with considerable 
care both as to composition and construction. At one time cotton and wool garments 
were the only ones treated, but with advances in the use of synthetic fibers, nylon, 
viscose rayon, acetate, and other synthetics are also used for rainwear. The effect 
of construction and garment design has already been mentioned. 

Secondly, the cloth must be carefully freed from natural impurities, residual finish- 
ing agents, and other chemicals such as starch size, alkalies, and soaps prior to treat- 
ment with the water-repellent agent. 

Thirdly, the cloth must be thoroughly impregnated particularly when durable 
repellents are used. The assistance of wetting agents is not feasible in many cases 
since residual amounts counteract the water-repellent effect, 

Finally, the effect. of other finishing agents applied with the water-repellent agent 
may lower the repellency. Water-repellent agents are sometimes used in conjunction 
with other finishing agents to give special effects, 

Metal Salts and Oxides. Onc of the earliest methods of producing water- 
repellent cloth involved the precipitation of basic aluminum acetate of varied and 
indefinite composition within the fibers. In one process (32,35,43) an aluminum ace- 
tate solution was prepared by the double decomposition of a 9% solution of aluminum 
sulfate with a 14% solution of lead acetate. Cloth was then impregnated with the 
solution and rolled up wet without squeezing. This was repeated 4 times and the 
cloth dried by moderate heat in a festoon chamber. In another process the aluminum 
acetate was treated with alkali so that alumina was produced to make the cloth water- 
repellent. ; 

The use of soap instead of alkali to precipitate the aluminum was an obvious step 
and the presence of an aluminum soap, mostly aluminum stearate, greatly improved 
the product. This process in modified form has continued in use to the present day. 
It is best carried out as a two-bath process, in which case it is better to apply the soap 
first to be sure that all the soap has reacted since residual soap will counteract the 
water-repellent effect. Cloth is impregnated with a 1% solution of soap, squeezed, 
and then worked in a jig with a 5% aluminum aretate solution. The cloth is then 
dried. In an alternative one-bath method, the aluminum soap may be applied from 
an emulsion as such or the components may be emulsified together, the reaction to 
form the soap taking place when the cloth is dried. The aluminum soap may also be 
dissolved in Stoddard solvent (see Vol. 10, p. 167) or in benzene and applied from the 
solution, but this process involves the usual disadvantages of using flammable or- 
ganic solvents. 

Paraffin wax, emulsified with aluminum acetate or formate for use in one-bath 
treatments, is often employed at the present time, In 1954 it was. estimated (7) that 
the nondurable treatments of this type dominated an estimated $5-8 million market 
but that durable treatments involving use of quaternary pyridinium complexes and 
silicones (see below) were gaining ground rapidly. Among the commercial products re- 
ported te contain wax emulsions with aluminum salts are Ramasit (Geueral Dyestuff), 
Migasol (Ciba), Niaproof (Carbide and Carbon), Impregnole and Norane W-1 and 
W-2 (Warwick Chemical), Aridex (Du Pont), Arecopel DC-2 and DC-3 (American 
Resinous Chemicals), Cravenette-renewable type (Cravenette Co.), Paramul Re- 
pellent 115, DC-1 and DC-2 (American Cyanamid), as well as many others. 

In one variation of the paraffin wax-aluminum salt method (50), a protective 
colloid such as gelatin or polyvinyl alcohol is added to the emulsion. This emulsion 
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may be dispersed in hot water to give a stable acidic emulsion bath. ‘The emulsion 
particles are strongly cationic and tend to exhaust somewhat onto cellulosic fibers and 
almost completely onto wool. Add-on is regulated to about 5%. On drying at about 
105-115°C., the acetic or formic acid volatilizes and leaves a hydrated aluminum 
oxide together with a fused wax coating on the fibers. A similar one-bath emulsion 
can be prepared without the protective colloid to yield a softer hand. However, it is 
necessary to add the aluminum salt, solution to the paraffin emulsion at about 80°C, 
in order to prevent precipitation; the emulsion may then be cooled and applied as 
desired. Although the finish will withstand weathering fairly well, it is removed by 
laundering or dry cleaning. 

The use of zirconium in place of aluminum assumed importance in Germany dur- 
ing World War II and has since been used to some extent in the U.S. Application 
methods are identical with those just described for aluminum but the fabrics so treated, 
particularly wool and rayon, will retain a considerable amount of water repellency 
after several dry cleanings or launderings. Zirconium oxychloride, ZrOCl, is often 
used and this must be buffered with sodium acctate to prevent tendering of the cloth 
due to evolution of hydrogen chloride when the oxychloride hydrolyzes. The superior- 
ity of the zirconium compounds over those of aluminum is ascribed to differences in 
solubility. White (70) has pointed out that zirconium stearate is only slightly soluble 
in dry-cleaning solvents and that it is also highly resistant to caustic, Aluminum 
soaps dissolve in caustic, whereas the zirconium soap, if attacked, is converted to 
insoluble hydroxides or carbonates of zirconium. The use of the rare earth suaps, as 
well as those of thorium, zirconium, and uranium, has been patented (70). 

The use of tetraalkyl orthotitanates, where the alkyl may range from ethy] to octyl, 
lias been suggested for making cloth permanently water-repellent but these com- 
pounds are not known to be used commercially (53). 

One of the newer metal salts employed commercially is ‘‘stearatochromic chloride” 
(approximately hydroxostearatodichromium(ITT) chloride, [Cra(OH) CrHy,COO ICL 
(23,71) (Quilon, Du Pont). It is reported that this compound is used to treat about 
half of the fur felt, hats made in the U.S., also that it is being applied to paper, glass- 
fiber window drapes, and various clothing fabrics (6,50). The compound is a Werner 
complex which attaches to the fiber surfaces by nonionic coordination linkages. When 
the cationic solution is applied to the textile and heated to about 120°C., the compound 
hydrolyzes aud then dehydrates, forming a chelate ring which holds the organic por- 
tion of the molecule in an oriented position to the surface to give water repellency. 

Proteins and Other Nitrogenous Compounds. Proteins have been used ex- 
tensively to give water-repellent finishes. Solutions of proteins such as glue were 
insolubilized with aluminum compounds or formaldehyde, tannin, or dichromates. 
Marsh (82) reviews a number of patents on the use of proteins, and Harding (21) 
states that the ‘“Mystolenes” manufactured in the United Kingdom are protein-alu- 
minum complexes. Glue is used in many formulations (11). 

The use of condensation nitrogen-base resins as the basis of, or in conjunction 
with, water repellents has increased. The Permel Plus Finish of the American Cyana- 
mid Co. is reported (6) to be Permel (otherwise unidentified) combined with a mela- 
mine- or urea-formaldehyde condensate, Morel (37) has described two treatments us- 
ing urea-formaldehyde resins. A number of water repellents, including the silicones 
described helow, are reported to be compatible with the nitrogenous resins used for 

_creaseproofing. Some are reported to contain stearamide. The nitrogen resins have 
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been used for a number of years to impart wet-strength to paper. (See under 
“Paper,” p. 975.) 

. Nitrogen-containing compounds which are assumed to etherify cellulose are con- 
sidered in the following section. 

Esterification and Etherification Reactions of Cellulose. The idea of combining a 
water-repellent group with cellulose by chemical reaction—-for example, replacing the 
ihydrogen of a hydroxy! group with a long-chain compound—is one that has intrigued 
many investigators of textile treatments. The special advantage of such a process 
would be the relatively stable character of the resultant compound, but the obvious 
difficulty has been carrying out such reactions in an economical manner for commer- 
cial exploitation. 

The reactions of cellulose ure mainly esterifications or etherifications. Schuyten 
et al. have reviewed a large number of such reactions claimed to give water repellency 
(47), See also Cellulose derivatives. 

Examples of estertfication include the formation of a partially substituted cellulose 
ester such as the stearate made by the use of stearic anhydride or stearoyl chloride. 
Substituted ketenes and long-chain isocyanates (see Vol. 10, p. 398) that might add 
‘directly to the cellulose have been suggested. Hamalainen et al. (20) found that, n- 
ovtadecyl isocyanate imparted only mild water-repellent properties to cotton textiles 
and suggest that much of the water-vepellent effect may be due to decomposition of the 
octadecyl isocyanate to yield a waxlike coating of dioctadecylurea rather than to a 
true reaction with the cellulose. Such processes do not appear promising for commer- 
cial use. 

Tt is in the field of cellulose echerification that most progress has been made along 
the lines of developing durable water repellents. Cellulose ethers as a class are stable 
toward alkali and, therefore, finishes made by formation of ethers are durable toward 
laundering. The historical development of the water-repellent ethers has heen re- 
viewed by Marsh (82). Briefly, from 1931 to 1937 a number of materials were pro- 
duced to give cotton a softer hand or improve its dyeing characteristics. These 
compounds were designed to react with cellulose to form an ether through the agency 
of a, chloromethyl group. Reynolds, Walker, and Woolvin, in 1937 (66), modified the 
method to produce durable water repellency using compounds such as 1-(octadecyloxy- 
methyl!) pyridinium chloride to react with the cellulose. With a number of modifica- 
tions (67) this process is the basis for the compounds known in England as Velan and in 
the U.S. as Zelan, These are considered to be mainly stearamidomethylpyridinium 
chloride, although 1-(octadecyloxymethyl) pyridinium chloride is also used (21). 

Stearamidomethylpyridinium chloride may be prepared by heating stearamide 
with paraformaldehyde and pyridine hydrochloride in solution in pyridine (67). 
Some of the reactions of this compound with alcohols and the formation of various 
stearamidomethy] ethers have been investigated by Weaver et al, (68): 


[CuisCONHCH2NC;H,] + Cl> + ROH > CyHaCONHCHLOR + HCl + C;HiN 


While the compounds formed are ethers, they do not possess the stability of the usual 
ethers because of the presence of the —CONH-— proup. For example, the amido- 
methyl ethers may be split by dilute aqueous solutions of strong acids. 

‘This work has been further amplified (48) and applied to the reaction with cellu- 
lose where Rin the above formula indicates a cellulosic residue attached to the hydroxy! 
group. Davis (12) had investigated the possible reaction of stearamidomethyl- 
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pyridinium chlovide with cotton and concluded that about 1-2% would react with 
cellulose to form the cther. He proposed that the mechanism involved hydrolysis 
to form methylolstearamide (N-(hydroxymethyl)stearamide), CyH,CONHCELOH, 
which then reacted with cellulose. In the later investigation (48), the workers agreed 
with the amount of reaction but found that methylolstearamicde would not react with 
cellulose under the conditions of curing. They believe that the reaction as given above 
takes place to the extent of about one substituent for every 150 anhydroglucose units 
of the cellulose. They also point out that the conditions of curing during application 
of the compound to textiles favor the formation of distearamidomethane (V,N’- 
methylenebisstearamide), (Ci7H;;CONH),CH2. This compound is deposited on the 
fibers and aids greatly in giving good water repellency. It is somewhat resistant to 
laundering, but the textiles made water repellent by distearamidomethane alone re- 
quire ironing after laundering to recover their water repelleney. Probably the wax- 
like material must be melted and redistributed on the fiber surface after the disruptive 
swelling effect of the laundering. 

Commercial application of water repellents of the stearamidomethylpyridinium 
chloride type varies with the particular product, and a number of competitive prod- 
ucts are on the market. A typical product has been described (48) to be a paste com- 
posed largely of stearamidomethylpyridinium chloride. The paste is applied to the 
fabric in from 2 to 6% pickup, based on the weight of the fabric, the amount varying 
according to the properties of the individual fabric. It is used on cotton, linen, vis- 
cose rayon, cellulose acetate, nylon, acrylic fibers, silk, and wool. The paste is first 
dissolved in about half of the water to be used at about 40°C., using good mechanical 
stirring to disperse it. About 10% of the weight of the paste of anhydrous sodium 
acetate is separately dissolved in warm water and added. The whole is then made 
up to volume with more water. The sodium acetate is very important to the success 
of the treatment since it serves to buffer the solution and neutralize the hydrogen chlo- 
ride evolved during the reaction and thus it protects the cloth from tendering. The 
buffered solution is slightly acid and this acidity must be maintained during applica- 
tion. The opalescent solution is stable for only a few hours and should be applied to 
the cloth fairly soon at about 40°C. 

The solution is impregnated into the cloth and excess solution squeezed out by 
passing the cloth through rubber squeeze rolls to leave the desired pickup. After the 
cloth is dried at 66-160°C., the object being to remove the water but not +o decompose 
the comrpound, it is cured at 185-200°C., the optimum temperature varying from about 
177°C. for cotton and linen to about 150°C. for the synthetic fibers. Curing times 
vary inversely with the temperatures used, and conditions are usually established ex- 
perimentally for a given fabric and equipment. During curing, part of the agent re- 
acts with cellulose to give the cellulose ether and part decomposes to yield distearami- 
domethane. 

Fumes of formaldehyde and pyridine are given off from the padding baths and on 
drying and curing the cloth. Therefore, good ventilation must be provided at all 
points. The fumes are slightly acid, so acid-resistant materials must be used in the 
equipment. The cloth is also slightly acid at this point and contains residual decom- 
position products of the reaction, Tt must be neutralized, for example with small 
amounts of soda ash solution, and thoroughly washed. The cloth is then dried at the 
highest practicable temperature (135~-175°C.) to develop maximum repellency. 

1-n-Octadecyl-1’-ethyleneurea, developed as. “Persistol VS” in Germany, was 
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claimed to be superior to Velan PF on rayon. Details of its preparation and use are 
given by Dahlen and Pingree (11). The repellent agent was prepared by treating 
n-octadecy] isocyanate with ethylenimine in emulsion: 


CrllyNCO + NH.CH2.CH: ———3 CyyHyNHCON. CHa CHe 
This compound is claimed to react with cellulose (Rz7,0H) on drying at about 80°C. 
to give the corresponding ether: 


CyuHaN HCON.C CHy C He + R.wQH ——— CyHaNHCONHCH2CHLORan 
A small amount of a reagent capable of cross-linking the cellulose was also added, 
For this, compounds such as 3,3’-diethylene-1,1’-lexamethylenediurea, CH,CH,N- 
CONH (CH) oONFLCONCH2CHa, were used. ot 


Silicon Compounds. In 1942 a patent was granted to Patnode (72), and assigned 
to the General Electric Company, on the use of vaporized methylsilicon chloride 
(methyltrichlorosilane), CH,S8iCl,, for treating various materials including paper, 
cotton cloth, and ceramics to render them water-repellent. With this patent a new 
type of water-repellent agent was introduced. Until that time, most repellent agents 
had depended upon a long hydrocarbon chain for efficacy, whereas the silicon com- 
pounds needed only methyl groups attached to the silicon molecule to prevent wetting. 
Most of the methyl silicones now on the market are made up of relatively long chains 
of silicon and oxygen atoms to which are attached the methyl groups, which are hydro- 
phobic and prevent wetting. See Silicon compounds (organic), Vol. 12, pp. 365-92; 
Silicones, Vol. 12, pp. 3938-414, 

Methylsilicon chloride did not prove practical for use on cotton textiles because 
the by-product, hydrogen chloride, tendered the textile. Barry (78) produced long-chain 
silicon acetates which gave water repellency without production of harmful strong 
acids. Eventually, silicone resins were found suitable for this purpose. The physical 
state of these compounds may be varied from low-viscosity fluids to rubberlike solids 
with suitable variation in the substituents and the degree of polymerization. The 
three largest producers are the Dow-Corning Corporation, General Electric Company, 
and Linde Air Products Company. <A review of the field in 1954 (6) states that the 
first large use of silicone resin water repellents was in 1950 but that the use is expanding 
very rapidly. ; 

The silicones are produced by hydrolysis of alkylsilicon chlorides (alkylchloro- 
silanes) and polymerization of the resulting silanol. A. typical reaction may be ex- 
pressed as follows: 


3 (CHs)8iChl + 6 HxO ———— 3 (CH,)8i(OH); ———> HOSi(CH),08i(CT3),08i(CH;),OH 


‘By-product hydrogen chloride is removed and thus the use of the silanols eliminates 
the problem of acid tendering. Presumably further polymerization occurs on the 
cloth during curing so that the silicone becomes insoluble and good resistance to laun- 
dering and dry cleaning is obtained, 

Application of the silicones to cloth may be either from organic solvents or from 
aqueous emulsions, and examples of both are numerous in the patent literature. Some 
of the commercial products require a metallic salt catalyst and some do not. In 
general, curing at a fairly high temperature such as 155°C. for 4-8 minutes is required 
in order to complete the polymerization of the.silicone and to make the product durable 


972 WATERPROOFING 


toward laundering and dry cleaning. A typical example of an agent (74) claims water 
repellency if a mixture of 20-70% of w liquid methyl polysiloxane is used with a mixture 
of 80:30 of a liquid methyl! hydrogen polysiloxane. 

The silicones are claimed to give a number of desirable properties to the fabrics in 
addition to durable water repellency. Jt is said (14,18) that on cellulose acetate fabrics 
the silicone completely covers the individual fibers and that; the wrinkle recovery, 
abrasion resistance, tear and bursting strength, sewability, and appearance are all 
significantly improved by less than 2% add-on of silicone resin. 

Most of the preparations of water-repellent siliconc resins on the market are 
compatible with the creaseproofing resins of Lhe urea- or melamine-formaldehyde type, 
and it is even claimed that enhanced water repellency is obtained with such resins (75). 
In an example cited, one part of an organopolysiloxane such as methyltris(trimethy!- 
siloxy)silane, CH,Si(OSi(CH;),)s, is mixed with about one-fourth part of the hydrol- 
yzate of methyldichlorosilane, CIWSiHClh, and with a precondensate of a melamine 
resin. When applied to cloth, dried, aud cured for 2 minutes at 150°C., the product: is 
claimed to be water-repellent. 

Typical instructions with one commercial silicone product suggest that the sili- 
eone be emulsified to 40% concentration in a colloid mill using emulsification agents 
that will not cause back-wetting. This master solution may be diluted to 2% for 
application to the cloth; it is desivable that the cloth have from 0.5 to 2% pickup of the 
silicone resin. Water-soluble zirconium and/or tin salts are recommended as catalysts. 
About 4% tin, based on the silicone, is used. Melamine-formaldehyde resins may be 
used with the silicone emulsion. After the usual padding of the cloth with tlie emul- 
sion, the cloth is dried and then cured at from 4 to 6 minutes at 150-155°C. 


TEST METHODS 

The ability of textile products to resist: penetration and wetting (cither spread of 
water over the surface or absorption) depends not only on the construction of the base 
fabric or yarn, the nature of the coating or repellent, and the method and efficiency 
of application, but also on “such ‘external’ factors as the amount of water in contact 
with the material, the time of contact, the temperature of the cloth and the water, the 
humidity-regain condition of the cloth, the force and energy with which the‘ rain-drop’ 
(or the alleged laboratory equivalent) strikes the fabric, the angle of strike, and the 
amount of abrasion, weathering, cleaning and other general service conditions to which 
the material is subjected” (263. Therefore, in addition to testing a new material for 
its water-resistant properties, the same tests should be performed after it has been 
subjected to appropriate service conditions, either actual or simulated in the labora- 
tory. Water-repellent fabrics intended for rainwear should be evaluated also for air 
and water-vapor permeability since both arc important comfort factors aud do not 
necessarily correlate with each other (33). 

Innumerable methods for evaluating the water-resistant characteristics and utility 
of textile products have been described (28,51). They vary greatly in procedure, 
complexity, and interpretation. Methods for fibers and yarns usually employ rate 
of sinking or absorbency principles. Those for fabrics may be arranged in four classes 
as follows: Class [: spray or sprinkling and drop tests to simulate the effect of rain in 
wetting and/or penetrating the fabric; Class 1I: hydrostatic pressure tests to simulate 
the effects of the pressure of water standing in a fabric, such as a tent roof, or in a bag 
or hose; Class III: immersion tests, with or without mechanical action, to check the - 
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effectiveness of the water-repellent in reducing absorbenvy; and Class IV: surface 
tension methods, involving measurements of contact angle or some function of it, to 
evaluate the repellency or wettability of the surface. 

Brief descriptions are given below of the present most commonly used tests for 
fabrics. For the most part, these have been fairly well standardized in the U.S. by the 
American Association of Textile Chemists and Colorists (A.A.T.C.C.), the American 
Society for Testing Materials (A.S.T.M.), and the branches of the Federal Govern- 
ment. Designations and references for such tests are given in Table II. 


TABLE II. Methods for Evaluating Water-Resistant and Closely Related Properties of Textile 











Fabrics. 
, Test reference _ 7 
AATCC, AS.T.M, Ted. Spec. 
Test method (1) (2,3 4) CCC-T-19 1b (0) Other 
Claas I: 
Spray test 22-42 1588 -f4 5526 
Rain test 35-52 1583-54 552+ 
Drop penetration test D583-54: 5520 
Bundesmann water-repellency test. (55) 
Class IT: 
Hydrostatic 
Suter or ALA.T.C.C.-test 18-52 D583-54 551-1 and 5516 
High range (Mullin) 5512 
Class IIT: 
Dynamic absorption 70-52 D583-54 5500 
Static absorption 21-h2 D583-54 5502 
Class IV: 
Contact angle (62) 
Rolling drop (49) 


Supplementary tests: 
Air permeability 


N.B.S8-Frazier apparatus D737 -46 5450 
N.B.S-Frazier apparatus or Permeometer D737-46 
Densometer 5502 


Water-vapor permeability 


E96-88T 





Class I. The spray test is one of the most widely used and simplest to perform. 
It. distinguishes between untreated and treated fabrics, but does not detect small 
differences in water repellency. Results are independent of fabric construction, for it 
is a measure of resistance to wetting only and not of resistance to penetration, TEs- 
sentially, 250 ml. of water is sprayed on the test specimen which has been mounted on 
an embroidery hoop at a 45° angle in such a manner that the center of the specimen is 
6 in. below the spray nozzle. The amount of wetting is determined by visual compari- 
son with photographic standards. 

The A.A.£.0.C -Slowinske ratniester simulates the effects of rainfalls of different 
intensities by control of the hydrostatic head acting on the spray. The amount; of 
water penetrating the fabric within a specified time at any fixed head is found by deter- 
mining the increase in weight of a blotter placed behind the fabric. From comparative 
data, a series of fabrics can be rated for resistance to penctration. 

The drop penetration tester simulates the effect of heavy rain by successive drops 
falling from a 68-in. height and striking the fabric in the same spot. The amount of 
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water passing through the fabric in a fixed time is determined. This tester, which 
was developed for the United States Quartermaster Corps, provides a relatively 
severe test but one that has heen found especially useful for predicting order of pro- 
tection in heavy rains. The energy of the drops is approximately 10,000~15,000 ergs, 
whereas the energy of drops in a cloudburst is about 3000 ergs. 

The Bundesmann water-repellency lester is little used in the U.S., but it is used in a 
standard method in Great Britain (55) and Germany. It deserves mention for it 
appears to imitate service conditions for rainwear better than any of the other tests de- 
scribed. The rubbing and flexing action on the inside of a garment during wear is 
simulated by the action of wiper arms rubbing on the underside of the test specimen 
while it rotates under the standard shower designed to imitate a heavy downpour, 
The amount of water passing through in a fixed period of time is measured and the 
amount absorbed by the fabric is determined by weighing. 

Class TI. With the A.A.7.C.C.- and Suter-type hydrostatic pressure teslers, either 
the head required to cause penetration or the amount of water passing through in a 
given time at a fixed head is determined. This test is especially applicable to coated 
and to heavy, closely woven fabrics, such as ducks and canvas, which are to be used in 
contact with water. It is also very useful for detecting pinholes in coated fabrics and 
for studying the penetration behavior of untreated swelling-type fabries. Results are 
largely dependent on the pore sizes in the cloth. On water-repellent rainwear fabrics, 
test results do not necessarily corrclate with behavior in use-for even though such 
fabrics permit passage of water under a hydrostatic head, they are highly resistant to 
wetting and to water transmission by capillarity. 

The Mullin-type bursting-strength tester has heen adapted for testing very heavy 
fabrics, including fire hose, for resistance to leakage under high pressures. Tor these 
tests, water is substituted for the usual glycerin and the test specimen replaces the 
rubber diaphragm. 

Class III. The dynamic absorption test and the static (¢mmersion) absorption test 
consist of tumbling (dynamic) or simply immersing (static) preweighed specimens in 
water for a fixed period of time and reweighing after the removal of the excess water. 
The percentage increase in weight indicates the efficiency of the water-repellent finish. 

Class IV. Surface tension measurements are helpful in evaluating new water 
repellents but have not been proven practical for general use. Test procedures are 
variously described in the literature but have not heen standardized. Measurement of 
the contact angle is the most usual procedure (62), but more recently a surfaec-tcusion 
index or “rolling-drop” method has been developed by Schuyten, Weaver, and Reid 
(49). A series of known surface tensions is used to determine the surface tension of the 
sohition necessary to cause wetting of the sample. This method has special advantage 
over the spray test in that it permits greater differentiation among different repellents 
or among different methods of application toa standard cloth. 

Supplementary Tests. Azr permeability is generally measured in terms of cubic 
feet of air per square foot of fabric at a pressure drop of 0.5 in. of water, using either 
the Frazier air-permeability apparatus, developed at the National Bureau of Standards, 
or the Gurley Permeometer. Tightly woven, lightweight, nonresilient fabrics below 
the capacities of these instruments can be tested by the falling-cylinder method, using 
the Gurley Densometer. With this instrument, the time required for a known volume 
of air to be forced through the fabric under a continually falling pressure is measured, 

Water-vapor permeability is a measure of the ability of the fabric to permit (ransfer 


WATERPROOFING 975 


of sensible and insensible perspiration from the body to the surrounding atmosphere. 
Either of two general principles can be employed for this test, namely: determination 
of (1) the rate at which moisture evaporates from a standard dish containing water and 
covered with the fabric or (2) the rate at which moisture is absorbed by a desiccant in 
the standard dish covered with the fabric (4). 

Durability tests for resistance to laundering, dry cleaning, weather, flexing, etc., 
are conducted in accordance with conventional test methods. See Detergency; Dry 
cleaning; Laundering; Teatile testing. 


Paper 


Waterproof Paper. Broadly speaking, the term “waterproof paper’ is purely 
relative and includes any type of paper that has a high resistance to penetration of 
water in liquid form. In the paper industry, however, ‘waterproof paper’ has a 
specialized meaning, as defined in A.S.T.M. D996-52T, Definitions Relating to Ship- 
ping Containers: 

“A flexible paper, laminated, coated, or infused to give water or water-vapor resistance, may be 
creped for added flexibility and/or reinforced with strands of sisal or other fiber or backed with fabric 
for added strength. Used as box, bag, crate, barrel, and case liners, and bale wrappers.” 


The term refers most usually to kraft papers that have been laminated, infused, 
or saturated with asphalt. It has been extended, however, to include papers used for 
the same purposes made by lamination with thermoplastic waterproof resins, in par- 
ticular polyethylene. In two-ply and three-ply constructions, microcrystalline wax is 
frequently substituted for asphalt. Both wax and resin Jaminants have certain ad~- 
vantages over asphalt in that they are more resistant to delamination, bleeding, and 
embrittlement at low temperatures. Some resins have the further advantage of 
permitting heat sealing (36). 

Tn addition to the uses mentioned in the definition above, waterproof papers serve 
as water and vapor barriers in roofing materials, temporary tarpaulius, covers for 
conerete during curing, linings for freight cars and trucks, covers and shrouds for goods 
aud machinery in transit, and interior wraps especially for export shipments. General 
requirements and test methods for papers of this type are covered in Federal Specitica- 
tion UU-P-271b, “Paper, wrapping, waterproofed kraft” and in Joint Army and Navy 
Specification JAN-P-125; “Packaging and Packing for Overseas Shipment—Barrier- 
materials, water-proof, flexible.’ Trials under service conclitions are recommended 
when selecting papers for specific end uses. 

“Waterproof paper” should not be confused with ‘“moistureproof paper,’ de- 
signed to be resistant to water vapor; nor with “wet-strength paper,” which retains its 
strength completely or partially after immersion in water. The latter has no special 
resistance to water penetration in either liquid or vapor form unless it has been coated 
or laminated to other components that impart water resistance. Wet-strength 
paper owes this characteristic to treatment of the stock with special resins, in particu- 
lar melamine formaldehyde. 

Water-resistant Papers. There are many kinds of papers that depend, in some 
degree, on water resistance for their utility; in fact, even writing and printing papers 
must have some degree of water resistance, imparted by rosin-sizing treatment, for, 
otherwise, they would absorb ink lke a blotter. Many of the more resistant types are 
found in paper and paperboard products used for packaging materials and dispensing 
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foods and drinks. Common examples are butcher’s wrapping paper; household waxed 
paper; glassine; butter, milk, and ice cream cartons; drinking cups; souffié cups; 
and straws. Other much-used water-resistant papers are agricultural papers, such as. 
plant protectors, celery-bleaching paper, and mulch paper; adhesive tapes, artificial 
leather; and vulcanized fiber. The water-resistant properties are achieved by many 
kinds of treatments, such as waxing; coating with resins, asphalt, rubber latex, and 
plastics; laminating with plastic or metal foil; vulcanizing with zinc chloride; treating 
with silicone; and parchmentizing with sulfuric acid (see also Paper coatings) (88, 
42,54,65). 


Leather 


Greases, alone and in combination with oils and waxes, have long been applied to 
leather to protect the fibers agamst damage by water and to improve water repellency. 
For effective waterproofing, however, large amounts of grease (more than 50% by 
weight) are required, resulting in a slab of grease held together by leather (64). Con- 
sequently, the pores of the leather are largely filled so that the permeability to water 
vapor is extremely small and the leather is uncomfortable when worn. Furthermore, 
since the fats and greases tend to work out of the leather during flexing or on repeated 
wetting and drying, the waterproofing effect is usually temporary so that frequent 
reapplication of the treatment is necessary. 

Impregnation of leather with degraded natural rubber reduces the water absorp- 
tion and transmission of leather about 50%, but does not seriously impair its water- 
vapor permeability (25,41). Sole leather can also be waterproofed by incorporating 
vulcanized linseed oil. A laboratory method for impregnating vegetable-tanned crust 
leather and degreased chrome-retanned shoe upper leather uses polyisobutylene (Vis- 
tanex) which gives a water absorption about half that of the untreated leather, and an 
abrasion resistance of 100-160%. The wear was approximately 80% longer (40). 

For both military and civilian wear, leather articles, such as shoes, gloves, and 
jackets, are often required to have high resistance to absorption and permeation by 
liquid water, but low resistance to the passage of water vapor. They are further re- 
quired to have essentially the appearance, flexibility, and feel of the original leather. 
Under the auspices of the Office of the Quartermaster General, U.S. Army, a compre- 
hensive investigation has heen made of hydrophobic materials to replace the fats and 
greases used in present tannery practice ‘‘so as to increase the water repellency of the 
leathers and at the same time retain or enhance their existing desirable characteristics’ 
(8,9). The most satisfactory materials found for gloves were the silicones, the meth- 
acrylates, and the Thiokol rubbers polymerized in the leather, and GR-S rubber and 
polybutadiene applied as polymers. The methacrylates and Thiokol rubbers poly- 
merized within the leather were considered most satisfactory for boot and shoe upper 
leather. The report of this study by Cheronis (8) includes a bibliography of 322 
references, 

Silicone products designed for application to leather are being supplied in both 
solvent and emulsion forms. The leather is impregnated by dipping, drumming, or 
other mechanical means. The resultant surfaces are said to be durably water repellent 
and resistant to waterborne stains, and to retain air and water-vapor permeability 
characteristics as well as flexibility, This type of treatment is also applied to other 
leather products, such as upholstery, and sporting and mechanical goods, 
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A recent development is the “Bavon process,” which provides for introducing 
alkylated succini¢ acids and derivatives of these acids into leather so as to produce a 
finish which is highly resistant to water penetration (69). The alkylated succinic 
acids have saturated or unsaturated alkyl groups substituted on the noncarboxylic 
carbon atoms of succinic acid, They may be applied in solution form by spraying, 
brushing, swabbing, and roller coating. Isopropyl alcohol, isopropyl] aleohol-water 
mixtures, carbon tetrachloride, and mineral spirits, are among the solvents that may 
be used with these products. It is claimed that the treatment does not appreciably 
affect the origina] softness, flexibility, and porosity of the leather and that the water- 
resistant properties are durable under conditions of use involving bending and flexing. 

Methods for testing the water resistance of leather and its products are included 
in the revised physical testing methods of the American Leather Chemists’ Associa- 
tion (30) and im Federal Specification KK-L-311a(59). Resistance to water per- 
meation is best tested under conditions simulating use. The Maeser dynamic water 
penetration machine, which imitates the effect. of walking, has been used in the re- 
search program of the Quartermaster Corps to improve the water resistance of service 
shoes and combat boots (29,45), Cheronis (8,9) describes a ‘‘rain-brick”’ performance 
test for leather gloves. In the National Bureau of Standards test (59), the sample of 
leather is flexed during the test for resistance to penetration by water under atmos- 
pheric pressure. See also Leather; Tanning maiertals. 


Concrete and Masonry 


The term “waterproof” applied to concrete and masonry implies complete im- 
perviousness to water and td water vapor, whether the liquid and vapor are under pres- 
sure or not. To be waterproof, protection with a waterproof barrier or coating, such 
as bituminous membrane (see “Waterproof paper,” p. 975) is usually necessary be- 
cause nearly all untreated concrete or masonry is more or less permeable to the passage 
of water and water vapor. The rate of capillary penetration of water under pressure 
through concrete is very small (39). Most difficulty oecurs because of the leakage of 
water through openings larger than capillaries. Concrete or masonry which does not. 
leak in this manner is considered “water resistant.’”? If it neither leaks nor is capable 
of transmitting water by capillarity, it is described as ‘“water-repellent.’’ The latter, 
however, may be highly permeable to water vapor und may allow the transmission 
of water under pressure through its capillaries. 

In order to eliminate and prevent unfair trade practices, the Federal Trade Com- 
mission promulgated ‘Trade Practice Rules for the Masonry Industry” in 1946. 
These relate among other things to the use of such significantly descriptive terms as 
“waterproof,” ‘‘dampproof,” “weatherproof,” “watertight,” and “vaporproof.” 

A number of standards giving requirements for asphalt, bituminous materials, 
and other products used in waterproofing and dampproofing concrete and masonry 
constructions have been established by the American Society for Testing Materials (5). 

So called ‘waterproof?’ cements may contain a very small amount of a water 
repellent, such as a salt of a fatty acid. Mortar and concrete made from these cements 
may be water repellent but are not waterproof in the full sense of the term. “Pore 
fillers” such as magnesium fluosilicate are sometimes used. (See Cement producis, 
Vol. 3, p. 498). 

Above-grade walls are usually required only to be resistant to the leakage of wind- 
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driven rain, since the seepage by capillarity of rain water through such structures oc-. 
curs very slowly and is usually of no practical importance. Water-repellent external 
surfaces are therefore preferable since they are highly water resistant but not water- 
proof. Waterproof coatings, such as oil-base paints, are vapor barriers and may be 
unsuitable because of possible condensation and trapping of moisture in the wall. 

The National Bureau of Standards has done much work on the application of 
waterproofing materials to masonry. Results of a 13-year test on pore-sealers have 
been summarized by Kessler (27). Application of high-melting paraffin to heated 
raasonry gave good results in sealing the pores (but not larger openings) against the 
capillary penetration of water. Tests of integral “waterproofings’’ for concrete against 
capillary penetration have been made by Jumper (24). The water permeability of 
walls buill of masonry units was also studied by Fishburn (15). Later, when a number 
of surface coatings fur permeable masoury walls were tested after application to small 
masonry wall specimens (17), it was found that the best results against leakage were 
usually obtained with a paint made of cement and water. Similar data on the effec- 
tiveness of cement-water paints were previously obtained by Copeland and Carlson 
(10). In their investigation, brush-applied coatings were found to be more water 
resistant than spray-applied coatings. 

Silicone water repellents are sometimes used for above-grade constructions when 
only mild protection is required. They are said not to discolor masonry and to reduce 
staining caused by deposition of water-borne dirt. Their use permits passage of water 
vapor so that the structure cun “breathe.” As a result of reduced water absorption 
into the masonry, they probably lessen the posstbility of frost damage and efflores- 
cence. 

Tests of silicone-treated walls have shown that the protection afforded against 
wind-driven rains is temporary for leakage occurred after a few hours exposure, the 
rate increasing with duration of test (16). Additional remedial treatments may there- 
fore be needed-—such as joint treatments or coatings of a portland cement grout or 
paint. Since these cementitious materials may not bond well to a water-repellent 
surface, they should be applied before the silicone water repellents are used, 

For basements, tunnel constructions, building foundations, and such, it is usually 
necessary to make the structures waterproof or very highly water-resistant. For such 
purposes, waterproof barriers or coatings should be used to prevent or reduce the slow 
but constant seepage of moisture by capillarity as well as the leakage of water. 
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